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"The most profound technologies are those that disappear.
They weave themselves into the fabric of everyday life
until they are indistinguishable from it."

- Mark Weiser

"Las tecnologias mds influyentes son las que no se ven.
Se entrelazan al tejido de la vida cotidiana

hasta que se vuelven indistinguibles de ella.”

- Mark Weiser






Resumen

La necesidad de obtener textiles ha sido uno de los principales motores del
desarrollo tecnolégico desde el surgimiento de las primeras civilizaciones.
La agricultura se desarroll6 para obtener fibras y alimento, la necesidad de
hilo impulsé la creaciéon de maquinas que sustituyeran el esfuerzo humano,
el tefiido de telas se convirtié en precursor de la quimica, y los patrones
utilizados para tejer son considerados el antecedente matematico de la
programacién. Hoy en dia, los textiles estdn tan presentes en nuestra vida
cotidiana, con usos tan esenciales, que dejamos de percibirlos como
tecnologia y los reconocemos como una parte natural de nuestro entorno.

Las fibras de origen natural, como el algoddn, el lino o la lana, se han
utilizado durante siglos para fabricar textiles gracias a sus propiedades
intrinsecas. Son materiales de facil obtencién, abundantes y de bajo coste,
que pueden tejerse para producir tejidos ligeros, flexibles, transpirables,
resistentes, biodegradables y adaptables al cuerpo humano. Este conjunto
de cualidades hace de los tejidos naturales materiales casi ideales para
cubrir y proteger nuestra piel, incluso por encima de muchos textiles
sintéticos.

Sin embargo, las fibras naturales también presentan limitaciones que
reducen su campo de aplicacion. Retienen la humedad, son permeables a
la radiacidn ultravioleta, inflamables y vulnerables a ataques microbianos,
que provocan manchas y malos olores. Aunque los textiles convencionales
cumplen con las funciones basicas de las telas, sus propiedades resultan
insuficientes para aplicaciones avanzadas que requieren funcionalidades
especificas. En este contexto surgen los textiles multifuncionales,
diseflados a través de su composicidn, construcciéon o tratamientos de
acabado, con el objetivo de incorporar una combinacién de propiedades
fisicas y quimicas especificas seleccionadas a medida para cada aplicacion,
mientras se preservan las ventajas intrinsecas de la tela original.

Los materiales hibridos, desarrollados mediante la combinacidon sinérgica
de componentes organicos e inorganicos, ofrecen una solucién a estas
limitaciones, ya que permiten obtener nuevos materiales con propiedades
mejoradas, versatiles y ajustables. Esta estrategia permite obtener



materiales que cubren la brecha entre ceramicas y polimeros, resultando
en un rendimiento superior en una amplia variedad de aplicaciones. Este
concepto ya ha sido aplicado al d4mbito de los textiles; sin embargo, las
técnicas de sintesis actuales alin presentan limitaciones que dificultan su
implementacion en aplicaciones reales. La estructura porosa, deformable
y tridimensional de los textiles, junto con los estrictos requisitos de
apariencia, textura y durabilidad, convierten la sintesis de textiles hibridos
en un desafio.

En esta tesis se ha aplicado la técnica de infiltracién en fase vapor (VPI, por
sus siglas en inglés) para la sintesis de textiles hibridos multifuncionales.
Esta técnica, derivada de la deposicidn por capas atémicas (ALD),
incorpora un tiempo de exposicion adicional entre el pulso y la purga
propios del ciclo de ALD, durante el cual los precursores se difunden en el
material formando enlaces quimicos tanto en la superficie como en el
volumen de sustratos porosos, favoreciendo la infiltracion. Como
resultado, se deposita una capa delgada sobre la superficie del sustrato a
la vez que se genera un gradiente subsuperficial entre el material
inorganico y el sustrato. Los procesos de VPI conservan todas las ventajas
del ALD, como las bajas temperaturas necesarias para trabajar con
polimeros, su versatilidad, escalabilidad y el bajo consumo de precursores.
Ademas, la formacion del gradiente infiltrado bajo la superficie minimiza
las diferencias de tensién y esfuerzo asociados al movimiento y doblado de
las fibras, lo que permite preservar la flexibilidad original de los textiles y
mejorar la durabilidad de las funcionalidades incorporadas. Un valor
afiadido del VPI es que posibilita la funcionalizacién de fibras textiles a
través del tratamiento de tejidos ya confeccionados, lo cual resulta
especialmente valioso en el caso de las fibras naturales.

El potencial del VPI para la sintesis de textiles hibridos organicos-
inorganicos ain no ha sido explorado. El objetivo de esta tesis es
desarrollar y caracterizar tejidos hibridos multifuncionales mediante la
infiltracién de 6xido de zinc (ZnO) y didxido de titanio (TiO2) en sustratos
basados en el algodon. Estos 6xidos metalicos han sido seleccionados por
su capacidad para absorber radiacion ultravioleta y por sus conocidas
propiedades fotocataliticas y antimicrobianas que, en combinacién con su
excelente estabilidad y biocompatibilidad, los convierten en materiales
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idoneos para su incorporacion en textiles hibridos. Adicionalmente, estos
oxidos presentan la ventaja de poder ser depositados mediante ALD a
bajas temperaturas empleando precursores estandar, econdémicos y
facilmente obtenibles.

Se han seleccionado dos tipos de tejidos basados en el algodéon como
sustratos. El primero corresponde a un algodén natural sin blanquear, la
tela tejida de algodén mads natural que se puede obtener, con una
composicion de 100% algodon. El segundo es un tejido vaquero comercial,
compuesto por una mezcla de 50% algodén, 44% polietileno, 5%
elastomultiéster y 1% elastano.

Se ha desarrollado y optimizado un proceso de VPI estdndar para la
infiltracién simultidnea de tres muestras de tela de 5x5 cm? Los
parametros de procesado se seleccionaron atendiendo a las limitaciones
impuestas por la resistencia térmica de los sustratos, la posible
degradacion quimica y la necesidad de garantizar una infiltracién
homogénea en toda la cAmara del reactor.

En el primer capitulo experimental de esta tesis doctoral (Capitulo 3), se
caracterizo la estructura y composicion de las fibras que conforman ambos
tejidos antes y después de la infiltraciéon, con el fin de confirmar la
modificacion exitosa de los polimeros. Las imagenes y el mapeo quimico
de la seccién transversal de las fibras, obtenidas mediante SEM y EDX,
muestran que el proceso de VPI desarrollado permite el crecimiento de los
oxidos metdlicos dentro de los hilos entretejidos, infiltrando
individualmente cada una de las fibras que los forman. Se cuantificaron los
atomos de Zn y Ti en los tejidos hibridos preparados, concluyendo que el
algodon natural permite una mayor infiltracion de los 6xidos metalicos que
el tejido vaquero. Las medidas de difraccion de rayos X indican que la
infiltracién no altera el orden estructural de los polimeros textiles, el ZnO
infiltrado crece en su fase cristalina wurtzita con la celda unidad
comprimida, mientras que el TiOz crece en fase amorfa. Finalmente, se
realizaron ensayos de traccion uniaxial para asegurar que el proceso de
infiltracién no deteriora las propiedades mecdanicas de los tejidos.

El segundo capitulo experimental (Capitulo 4) se centra en la evaluacioén
de las funcionalidades adquiridas por los tejidos mediante la infiltracién.

1ii



Los resultados confirman que propiedades como la foto proteccion, la auto
limpieza a través de fotocatalisis e hidrofobicidad, la actividad
antimicrobiana y anti-olor, asi como el retardo de la llama pueden
incorporarse en los textiles a través de un tinico proceso de VPI.

La proteccidn frente a la radiacién ultravioleta dafiina se logré ampliando
la absorcidn de los tejidos hacia las regiones UVA y casi visible. La actividad
auto limpiante quimica del algodén infiltrado con ZnO se evalu6 mediante
la foto degradacién de rodamina B bajo luz solar simulada, demostrando
que los tejidos hibridos podian degradar repetidamente el colorante
organico sin pérdida de eficiencia. La autolimpieza fisica se estudié a través
de la medicién del angulo de contacto. El algodon natural mantuvo su
hidrofobicidad original tras la infiltracién, mientras que el tejido vaquero
pasé de ser super hidrofilico a hidrofébico, alcanzando angulos de contacto
superiores a 120°. Ademas, las gotas permanecieron sobre la superficie del
tejido sin ser absorbidas entre varios minutos y mas de una hora. La
combinacién de actividad fotocatalitica y repelencia al agua dota a los
tejidos hibridos de capacidad para autolimpiarse.

La actividad antibacteriana se evalué frente a las cepas modelo S. aureus 'y
E. coli, asi como frente a la cepa C. striatum, causante del mal olor corporal,
logrando una actividad bacteriostatica sin lixiviacién que impidié la
adhesion y proliferacion bacteriana sobre los tejidos. La actividad
antifungica de los tejidos infiltrados con ZnO se estudid frente al hongo
modelo A. nidulans, mostrando actividad antifingica parcial, efectiva
inhibiendo la germinacion de esporas, pero no el crecimiento de hifas.

La resistencia al fuego se evalué exponiendo los tejidos hibridos a una
llama abierta y analizando visualmente su comportamiento durante la
combustion. Se observé un retraso significativo en el tiempo de ignicion y
una rapida autoextincién de la llama, minimizando los dafios causando por
el fuego en el tejido y suprimiendo la generacién de humo.

La durabilidad de las funcionalidades obtenidas se evalu6 comparando la
foto proteccidn y la actividad antibacteriana de los tejidos hibridos antes y
después de someterlos a repetidos programas de lavado convencionales.
Los resultados demostraron que los tejidos infiltrados con ZnO
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conservaron sus funcionalidades, mientras que aquellos infiltrados con
TiO2 experimentaron una pérdida parcial de rendimiento.

El tercer capitulo experimental (Capitulo 5) esta dedicado a la evaluacién
de la percepcién humana de los tejidos tras la infiltracion. Los cambios en
la percepcidn visual se identificaron mediante mediciones de color en el
espacio CIELAB. Todas las muestras, excepto los tejidos vaqueros
infiltrados con 300 ciclos de ZnO, se mantuvieron dentro de los umbrales
aceptables de variacidn cromdtica. Adicionalmente, los tejidos de algodon
tratados con hasta 80 ciclos de infiltracién de ZnO resultaron visualmente
indistinguibles de los tejidos originales. La percepcion tactil se analiz6
mediante la combinacién de mediciones de friccién y movimiento de la
yema del dedo con un estudio de muestra intrusa (Odd Sample Out)
realizado con 30 voluntarios. Los resultados mostraron que los tejidos
infiltrados con menos de 80 ciclos se percibian, en general, como idénticos
a los tejidos sin tratar, mientras que aquellos tratados con 80 ciclos 0 mas
fueron distinguidos por al menos el 50% de los participantes. El coeficiente
de friccién aumenté con el ndmero de ciclos de infiltracién; sin embargo,
el analisis de diferencias de friccion revel6 que algunas muestras podian
identificarse como diferentes incluso sin un aumento medible de dicho
coeficiente. Un andlisis mas detallado de los atributos sensoriales confirmé
que la textura y la estructura de los tejidos también se modificaron durante
el proceso de infiltracion, volviéndose mas lisos y rigidos al tacto.

La combinacién de ambos estudios permite determinar la cantidad 6ptima
de cada 6xido metalico a infiltrar y aplicar este conocimiento al uso del VPI
con el fin de obtener tejidos con multiples funcionalidades nuevas sin
comprometer su aspecto ni su tacto originales.

Los dos ultimos capitulos de esta tesis presentan trabajo adicional
realizado fuera del ambito de los tejidos hibridos. El Capitulo 7 esta
dedicado a la deposicion por ALD a bajas temperaturas, entre 100 y 275°C,
de nitruro de boro utilizando la descomposicién de carbamato de amonio
como fuente de nitréogeno. Finalmente, el Capitulo 8 resume el trabajo de
investigacién e innovacion realizado en un entorno industrial, como parte
de la empresa CTECHnano Coating Technologies S.L., en el marco de un
doctorado industrial.






Abstract

Textiles form an essential part of our daily lives, having become so common
that we no longer perceive them as technology. Natural textile fibers
provide multiple advantages, often outperforming synthetic alternatives,
yet their capabilities become insufficient in applications that demand
advanced, highly specific functionalities. Hybrid materials combine
organic and inorganic components to create systems with enhanced and
tunable properties, offering a route to overcome these limitations. This
concept has already been applied to textiles; however, the existing
synthesis techniques still face drawbacks that hinder their implementation
in real-world applications.

In this thesis, multifunctional cotton-based hybrid textiles were developed
via Vapor Phase Infiltration (VPI), a technique that enables the
incorporation of inorganic materials, specifically ZnO and TiOz2, both at the
surface and within the bulk of textile fibers, forming strong chemical bonds
with the organic matrix. A process was established to treat macroscopic
pieces of woven fabric, achieving the uniform infiltration of all individual
fibers. The functional properties of the resulting hybrid textiles were
characterized, demonstrating the successful, durable integration of
photoprotective, self-cleaning, antimicrobial, and flame-retardant
capabilities through a single VPI treatment. The visual and tactile
perception of the fabrics were assessed to ensure the preservation of the
original aesthetic appeal and physical qualities of the fabrics.

This work, conducted as part of an industrial PhD, aims to bridge scientific
research and industrial applications by developing washable, durable
hybrid textiles through a single, scalable VPI process, thereby advancing
the implementation of VPI for multifunctional textile development in
industrial settings.
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Introduction to multifunctional organic-
inorganic hybrid textiles

The story of textiles is the story of human invention. Since the first thread
was spun, the need for textiles has been a driving force behind
technological advancement. Agriculture was developed to cultivate food
and fiber crops. The demand for threads sparked the invention of machines
that reduced manual labor, leading to the Industrial Revolution. Fabrics
turned the first dyers into chemists, while the logic and patterns needed
for weaving are considered the mathematical antecessor of modern
programming [1]. From the moment we are born and wrapped in a blanket,
we are surrounded by textiles. We use them to cover our bodies, beds, and
homes. They provide shelter and protection in the form of camping tents,
seatbelts, sanitary masks, and even allow us to survive in outer space.
Textiles are everywhere, so essential and familiar that they are rarely
perceived as technology, but rather as a natural part of our surroundings.

Conventional textiles serve the basic functions of clothing, covering the
human body and providing protection, comfort, and decoration, while
functional textiles are engineered through their composition, construction,
or finishing to possess specific physical or chemical properties in addition
to the inherent characteristics of regular textiles [2]. Furthermore,
multifunctional textiles are designed to achieve a combination of various
properties tailored to specific applications while preserving comfort,
flexibility, and aesthetics. Commonly sought after functionalities include
UV protection, self-cleaning properties, moisture management,



-+ Chapter1

antimicrobial activity, flame retardance, electrical conductivity, thermal
regulation, and sensing capabilities.

1.1. Hybrid materials

The goal of materials science is to develop and optimize material
properties for a specific purpose needed for the advancement of
technological applications. While many traditional applications can be met
with existing materials, emerging technologies increasingly demand
properties that are not intrinsically found in any conventional material. In
some cases, typical characteristics of polymers are required alongside
those of metals or ceramics. Therefore, combining multiple elements,
compounds or materials while preserving the beneficial aspects of each
component becomes necessary [3].

At the macroscopic scale, composite materials achieve this by combining
organic and inorganic phases while maintaining the integrity of each
phase. Hybrid materials come from the extension of this concept into the
micro and nanoscales. Although no exact definition of the term hybrid
material exists, it typically describes materials obtained through the
synergistic blend of selected organic and inorganic compounds, where
each component contributes to the overall performance of the final
material in a beneficial way, resulting in a unique combination of
properties. With this strategy, materials that cover the gap between the
worlds of ceramics, metals, polymers, and organics can be obtained,
resulting in improved performance in a wide variety of applications.

Two classifications are commonly used to identify hybrid materials. The
most used one is based on the type of interactions between the organic and
inorganic components. Class [ hybrids are formed through weak
interactions including hydrogen bonds, Van der Waals, and weak
electrostatic interactions, while class II hybrids are based on strong
chemical interactions such as covalent or ionic bonds. The second
classification attends to the nature of the structural matrix and hosted
components. A hybrid material is organic-inorganic when the matrix is an
organic phase with integrated inorganics, and inorganic-organic when
there is an inorganic host with added organic guests [4].
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1.1. Hybrid materials -*

Hybrid materials composed of a soft organic matrix with hard inorganic
additions have been present in nature long before humans even existed.
Bone, composed of a collagen matrix intermixed with calcium-based
minerals, is one of the prominent examples. The combination of lightness,
elasticity and toughness obtained from the mixture of materials enables
our bodies to withstand the stress of movement. Similar natural hybrids
include nacre and ivory, which form the protective shells and fangs of
animals [5].

Humans have always taken inspiration from nature and have mimicked
hybrid materials, consciously or not, to fulfill their needs since the
Paleolithic. Indeed, the first humans already mixed organic fluids like blood
and grease with inorganic pigments like rust to paint their caves.
Thousands of years later, the Mayans produced a blue pigment called Maya
Blue from the combination of indigo natural dye and clay [6]. The resulting
pigment has been preserved over centuries thanks to its remarkable
chemical stability and resistance to sunlight radiation and high
temperatures. Around the same period, Chinese artisans improved the
plasticity of kaolin clay by adding urea, which enabled the creation of
porcelain with extremely thin walls [7]. In these cases, the creation of
hybrid materials with improved properties was fortuitous.

Natural Manufactured
hybrid materials hybrid materials

Figure 1.1. Examples of natural (nacre [8], ivory [9], and bone [10]) and manufactured ancient
hybrid materials (prehistoric pigments [11], Maya Blue [12], and Chinese porcelain [7]).
It was not until the 20th century that the intentional synthesis of a hybrid
organic-inorganic material was first reported. In 1996, Belfiore et al.
combined two diene polymers, widely used in tires, automotive parts, and
protective gear, with palladium salts, resulting in materials with enhanced
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resistance and altered solubility [13]. In the last years, the study of hybrid
materials has expanded so rapidly that some types of hybrid materials like
intercalated materials, perovskites or metal-organic frameworks (MOFs)
have consolidated as new specialized fields within materials science [4].
These examples demonstrate that hybrid materials can be intentionally
designed and synthetized to exhibit exceptional properties suitable for
emerging technologies.

1.2. Multifunctional textiles

Natural fibers such as cotton, flax, silk and wool, have been used in textiles
for centuries due to their numerous interesting innate advantages. They
are readily available from plants and animals in a low-cost and abundant
manner, and can be woven into fabrics that are lightweight, flexible,
breathable, mechanically strong, non-toxic, biodegradable, and highly
adaptable to the human body. These merits make them almost ideal
materials to cover and protect our skin. However, natural fibers have
inherent limitations in their usability. They absorb moisture, have poor
chemical and fire resistance, are permeable to UV radiation, susceptible to
mechanical damage during washing, and vulnerable to microbial attacks,
which lead to stains and odor. These characteristics, although acceptable
for traditional applications, limit the development of more advanced,
functional uses [14].

The introduction of hybrid materials offers a pathway to achieve
multifunctional fabrics that maintain the benefits of natural fibers while
overcoming their weaknesses. By combining them with other functional
materials, it is possible to produce multifunctional textiles with new
tunable, enhanced, and versatile properties that are better suited for
demanding applications.

1.2.1. Functional materials

A wide variety of functional materials have been incorporated into pristine
fabrics to develop hybrid textiles with various functionalities that improve
their original performances.
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Bio-based functional materials have been applied for textile enhancement
since ancient times, when the Egyptians used spices and herbal coatings
on cloth to prepare antimicrobial mummy wraps [15]. Today, biopolymers
such as chitosan and lignin, or various essential oils, are incorporated into
fabrics to make them antimicrobial. In addition, functionalization of textile
surfaces by enzyme immobilization became a very popular technique in
the textile industry, imparting long lasting functionalities such as
controlled wettability and shrink resistance [16].

The earliest modern hybrid textiles arise from the combination of
conventional textile fibers with functional fibers through mechanical
interlocking. Examples of such functional fibers include carbon, glass, and
aramid fibers. These materials focus on the reinforcement of the
mechanical and thermal resistance of the textile while remaining
lightweight and are mainly applied in sectors such as the construction and
the automotive industry [17].

Another approach to textile functionalization involves the incorporation of
synthetic polymeric materials that impart specific, desirable properties to
the fabrics. Conductive polymers such as polypyrrole (PPy) [18] and
polyaniline (PANI) [19] are used for their electrical conductivity, making
them suitable for applications in wearable electronics and sensors. Other
polymers, like polyurethane (PU) and silicones contribute to
waterproofing fabrics while preserving their breathability. Fluoropolymer
coatings such as PTFE repel both water and oil, producing durable stain-
resistant textiles [20].

Carbon-based nanomaterials are among the most researched areas for
high-performance nanocomposite coatings due to their high aspect ratio,
unique conductivity, and mechanical properties. They have remarkable
potential for advanced textile applications, however, their integration into
fabrics remains a challenge due to their poor dispersion in polymeric
media and the need for additional binding components to adhere to textile
surfaces. As a result, current research is focused on the functionalization
strategies needed to improve their compatibility rather than on their
functionalities [21].
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The functionalization of textiles with metal and metal oxide nanoparticles
is one of the most studied strategies for the incorporation of multiple
functionalities into a single fabric. Silver (Ag) and copper (Cu)
nanoparticles are used for their antimicrobial and antiviral properties.
Zinc oxide (Zn0) and titanium dioxide (TiO;) nanoparticles integrate UV
protection and photocatalytic self-cleaning under light exposure. Other
oxides, such as iron oxide (Fe;0,), provide magnetic response, while
aluminum oxide (Al;03) enhances mechanical resistance and thermal
stability [22].

1.2.2. Functionalization strategies and challenges

The porous, deformable, and high aspect-ratio structure of textiles,
combined with strict requirements for appearance, texture, and durability
in multifunctional textiles, makes the incorporation of functional materials
considerably challenging. Given the determining effect of the processing
techniques on the final materials, fiber functionalization has been
extensively explored. Although many synthetic methods exist,
functionalization is usually based on either of two strategies: fiber
functionalization or textile functionalization [14].

Fiber functionalization Textile functionalization

Figure 1.2. Schematics of the two functionalization strategies: fiber and textile
functionalization.

In the first strategy, the functional materials are incorporated during the
fabrication of the fibers that will later form the textile. In this process, the
fiber is produced by extruding a spinnable liquid into a continuous stream,
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which is then solidified in analogy to the way spiders and silkworms
produce their threads. The resulting fibers can then be woven into textiles.
This group of techniques, known as spinning techniques, includes melt
spinning, wet spinning, microfluidic spinning, electrospinning, thermal
drawing, blow spinning, and solution extrusion. These methods have been
used to embed functional materials like PANI, PPy, carbon nanotubes or
metal colloids into synthetic polymers. However, they remain limited in
terms of mechanical strength and durability, and their applicability to
natural textile fibers is considerably constrained.

The second strategy, known as surface modification, involves adding
functional materials directly onto the formed textiles through coating or
deposition methods. One of the most common coating methods is dip
coating, in which the fabric is immersed in a solution of the coating
material. Alternatively, in spray coating, the solution is atomized into
droplets, deposited onto the textile, and followed by a curing process.
These methods are easily scalable, but have problems in the uniformity of
the coatings, and can alter the breathability and feel of the fabrics.
Deposition techniques, on the other hand, rely on controlled chemical
reactions to form chemical bonds between the abundant functional groups
of the textiles and the functional materials, achieving a more durable
functionalization. Examples include chemical bath deposition,
hydrothermal reaction, electrodeposition, Physical Vapor Deposition
(PVD), and Chemical Vapor Deposition (CVD). Atomic Layer Deposition
(ALD), a variant of CVD, has recently emerged as a promising textile
functionalization technique due to its precise thickness control, excellent
conformality, low processing temperatures, and minimal precursor
consumption [23].

Despite the variety of available functionalization techniques, some
important issues still need to be addressed to achieve practical utilization.
The adhesion of the functional materials on the textiles is generally weak,
even when chemical bonds are formed. Textiles are flexible materials that
are constantly folded, bent, twisted, and pressed. Moreover, they must
withstand regular laundering processes without a significant loss of their
functionalities, making durability and washability critical issues. Another
concern comes from the potential toxicity of certain functional
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nanomaterials, which may pose risks to both human health and the
environment. Ensuring the safety and biocompatibility of functional
textiles is therefore essential, given their prolonged close contact with the
skin [14].

1.3. Vapor Phase Infiltration

Vapor Phase Infiltration (VPI) is a vapor-to-solid technique for the
synthesis of organic-inorganic hybrid materials. This process derives
directly from ALD. It aroused when researchers attempted to grow thin
films on the surface of polymeric materials by ALD. Polymers are porous
on the molecular scale so that many of the precursor vapors used in ALD
can diffuse into the substrate, leading to subsurface growth. This result,
initially considered an inconvenience, was later found to enhance various
properties of polymers [24]. The potential of VPI for improving the
mechanical strength and toughness of spider silk was first reported in
2009 by the Knez group [25]. Since then, various researchers have
demonstrated the enhanced properties of organic-inorganic hybrid
materials synthetized by VPI, including stronger cellulosic fibers, more
etch-tolerant photoresists, and more efficient hybrid solar cells. The
research groups involved developed variations with different process
parameters and names, including Sequential Infiltration Synthesis (SIS),
Multiple Pulsed Infiltration (MPI), Sequential Vapor Infiltration (SVI), or
Atomic Layer Infiltration (ALI). However, these various terminologies
describe effectively the same process and can be unified under the term
VPI [26].

To promote precursor infiltration into soft substrates, an exposure step is
added between the pulse and purge steps of a typical ALD cycle, allowing
sufficient time for the precursors to diffuse into the material bulk. A VPI
cycle begins with pulsing of the first precursor into the reactor, followed by
an extended exposure step, and then purge with an inert gas to remove
excess precursor and byproducts. The same sequence is repeated with the
second precursor, completing one cycle. In this way, the polymeric
substrate is sequentially exposed to two precursors which alternatively
infiltrate the substrate and undergo chemical reactions. The first precursor
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binds to functional groups both on the surface and within the bulk of the
substrate, while the second precursor reacts with the first bound
precursor also in both regions. As a result, a thin film is deposited on the
substrate surface while the bulk is infiltrated, forming a gradient from the
polymer to the inorganic material below the surface. The self-limiting
characteristic of ALD is lost for the growth of the hybrid material inside the
substrate; however, the depth and density of this gradient can be
controlled through the processing temperature, exposure time, and
number of cycles.
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Figure 1.3. Schematic comparison of the pressure profiles and resulting structures of
typical ALD and VPI processes.

VPI retains all other advantages of ALD, including low processing
temperatures required when working with organic polymers, versatility,
and minimal precursor consumption. Moreover, it enables the
functionalization of textile fibers by directly treating finished fabrics,
effectively combining the two main functionalization strategies. This is
especially valuable in the case of natural textile fibers, which have been a
significant challenge for spinning techniques. Finally, the durability of the
functionalization is improved through the subsurface, in which the
inorganic and organic materials gradually merge. This gradient reduces the
differences in strain during bending, folding, and twisting of the fibers,
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maintaining the flexibility of the hybrid materials, and preserving their
functional properties [27].

1.4. Motivation and structure of the thesis

The potential of VPI for the synthesis of organic-inorganic hybrid textiles
has not yet been explored. This thesis aims to develop and characterize
multifunctional hybrid fabrics through VPI, by infiltrating ZnO and TiO2
into cotton-based textiles, while maintaining their original aesthetics and
feel.

Cotton is a natural fiber, known for its soft and comfortable feel. It is one of
the most affordable natural textiles, durable, easy to care for and wash.
This combination of properties makes cotton a great option for a wide
range of applications, from clothing to household items, even when
compared with many technical synthetic fibers.

Zn0 and TiO2 are widely used metal oxides, easily deposited by ALD at low
temperatures using standard precursors. Both ZnO and TiO2 are stable
materials and have shown excellent biocompatibility, making them good
functional materials for hybrid textiles. They absorb UV light, are effective
photocatalysts and present antimicrobial properties [28], [29], [30], [31],
[32], [33], [34], [35]. All these functionalities can be incorporated into
cotton-based textiles to obtain multifunctional organic-inorganic hybrid
textiles with a single VPI process.

Chapter 2 details the experimental techniques and methods used for the
synthesis and characterization of hybrid textiles.

Chapter 3 focuses on the characterization of the structure and composition
of the fabrics before and after infiltration. A comparison of the durability
of the structures obtained by VPI with those obtained by ALD is provided.

Chapter 4 is dedicated to the evaluation of the functionalities of the hybrid
textiles including UV protection, chemical and physical self-cleaning,
antimicrobial activity, and flame retardance. The resistance of the
functionalization against regular laundering is tested.

10
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Chapter 5 evaluates the human visual and tactile perception of the hybrid
fabrics. Color measurements, fingertip friction and an Odd Sample Out
perceptional task are combined to identify the minimum perceivable
amount of the infiltrated metal oxides.

Chapter 6 compiles the main conclusions and prospects of this work.

The last two chapters in this thesis describe additional work carried out
besides the fabrication of hybrid textiles:

Chapter 7 is dedicated to the low temperature Atomic Layer Deposition of
nitrides using the in-situ decomposition of ammonium carbamate as
nitrogen source.

Chapter 8 summarizes the research and innovation work done in an
industrial setting, as part of the company CTECHnano Coating
Technologies S.L., in the framework of an industrial PhD.

11
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Experimental techniques and methods

In this thesis, VPI has been utilized to synthesize hybrid organic-inorganic
textiles. This chapter details the materials and conditions used in their
fabrication, as well as the experimental techniques and protocols applied
for their characterization and for the investigation of their resulting
functionalities. The experimental techniques and methods are listed in
order of appearance in the following chapters.

2.1. Substrates, precursors, and VPI conditions

Two different types of cotton-based woven fabrics were selected as
substrates for the infiltration:

e Natural raw cotton fabric, unbleached. This is the most untreated
form of cotton that can be obtained in fabric form, with a
composition of 100% cotton.

e Commercial jeans fabric, obtained from Andromeda, a company in
Vitoria-Gasteiz. The fabric had a blended composition of 50%
cotton, 44% polyethylene, 5% elastomultiester and 1% elastane.

Both types of fabrics were infiltrated with zinc oxide (ZnO) and titanium
dioxide (TiOz). Diethylzinc (Zn(C2Hs)2, DEZ) was used as the zinc source
and titanium tetrachloride (TiCl4) as the titanium source. In both processes
purified water (H20) was used as the oxygen source. The precursor
selection was based on their reactivity, availability, and price, selecting

13
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widely studied ALD precursors with higher deposition rates with the aim
of optimizing an infiltration process suitable for industrial application.

Natural raw Commercial J d

cotton jeans H0

Figure 2.1. Images of the fabrics and chemical structures of the precursors used.

The VPI processes were carried out interchangeably in a Savannah reactor
from Cambridge Nanotech or a PLAY reactor from CTECHnano. Both
reactors have a controllable vacuum valve between the reaction chamber
and the pump which allows VPI processing in a stop flow regime. Initially,
the temperature-resistance of the fabrics was tested by heating them in the
reaction chambers. Natural raw cotton withstands temperatures over
150°C, while the dye in commercial jeans started to degrade at 120°C. Tests
at different temperatures below these respective upper limits were carried
out to analyze the induced chemical damage to the fibers and to avoid
significant changes to their appearance. Based on the results of the thermal
testing, the processing temperature was set to 60°C for the case of ZnO
infiltration and 100°C for the case of TiO2 infiltration for both fabrics. All
precursors were kept at room temperature. A continuous flow of nitrogen
(N2) of 20 standard cubic centimeters per minute (sccm) was supplied to
the reactor chamber during the entire VPI process to prevent backflow of
the precursor into the manifold. First, the corresponding metalorganic
precursor was pulsed for 40 ms into the reaction chamber and kept inside
for 40 s to allow precursor diffusion and infiltration into the polymer. This
exposure step was followed by 60 s of purging to remove any unreacted
precursors and reaction by-products. The same steps were repeated for
H20 to complete one VPI cycle. The total number of cycles was varied from
5 to 600. The fabric samples were suspended in the chamber in a way that
allows both faces of the fabric to be exposed to the precursors. Typically,
three fabric pieces of 5x5 cm? each were simultaneously infiltrated in one

14
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process. Thermally oxidized silicon substrates were placed into the
reaction chamber to serve as references for deposition homogeneity. These
are the standard VPI conditions used throughout this thesis, tweaking of
the processing conditions to adapt to different sample sizes or analysis
requirements are indicated in the corresponding sections.

2.2. Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray spectroscopy (EDX)

Electron microscopy is one of the most applicable investigation and
visualization techniques for VPI-modified polymers. The interaction of the
electrons with atoms in the samples allows to obtain high spatial
resolution, in the nanometer range, and in-situ chemical characterization
of the samples, which are key for the detection of the infiltrated inorganic
materials.

In SEM, an accelerated electron beam scans across the sample surface line
by line. At each surface spot, the electrons from the e-beam interact with
the sample. The detection of these interaction events enables topological
or compositional imaging of the sample. The interaction mechanisms
analyzed for the characterization of the hybrid textiles in this thesis are
schematically depicted in Figure 2.2.

e beam SE e beam BSE e beam SE
« (W) |+ | « ¢

4

A 4

Secondary electrons Backscattered electrons X-Ray géneration

Figure 2.2. Schematics of the mechanisms for the emission of secondary electrons (SE),
backscattered electrons (BSE), and characteristic X-Rays during SEM.

15
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Secondary electrons (SE) are low-energy electrons emitted from atoms on
the sample surface due to inelastic collisions with the primary beam. SEs
possess high spatial resolution but do not carry information about the
elemental composition. They are highly sensitive to surface topography
and are therefore used to perform high-resolution imaging [36].
Backscattered electrons (BSE) are high-energy electrons from the beam
that are elastically backscattered by the sample undergoing a wide-angle
directional change. The probability of backscattering depends on the mass
of the atomic nuclei. Therefore, BSE can be used to obtain compositional
information but with lower spatial resolution [37]. Beam electrons can also
excite an electron from an inner shell, leaving an electron hole. This
vacancy is filled by an electron from the outer shell, generating an X-Ray
photon of an element-characteristic energy. The generated X-Rays can be
collected with an energy-dispersive spectrometer to obtain an elemental
analysis of the sample.

SEM and EDX measurements were performed to investigate the surface
morphology of the fibers before and after infiltration and to spatially
resolve their chemical composition to confirm successful infiltration. A FEI
Quanta 250 FEG scanning electron microscope was used for this purpose.
An Everhart-Thorney detector (ETD) and a large field detector (LFD) were
used for the collection of SE in high and low vacuum, respectively. A low
voltage high-contrast detector (vCD) was used for the collection of BSE.
EDX maps were taken with an EDAX Octane Elect Plus detector at an
accelerating voltage of 10 keV.

2.2.1. Cross-section preparation

Cross-section imaging of the fibers is necessary to confirm the infiltration
in subsurface areas of the sample. However, cross-sections of cotton fibers
are difficult to obtain since they are delicate and easily damaged during
cutting. A focused ion beam (FIB) could not be applied for the cross-section
preparation since the interaction between the fibers and the ions caused
new features, like cavities, in the samples. The infiltration depth is on the
order of 100 nm, making it impossible to distinguish between induced
damage and infiltration.

16
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Therefore, two alternative strategies were used for the preparation of the
cross-sections:

1.

Macroscopic pieces of woven fabrics were cut with a sharp scalpel

to obtain a cross-section for both optical and electron microscopy.
These samples were used to analyze the surface texture of the
fabrics and to obtain EDX mapping of the complete threads.

Encapsulation of individual threads in resin to further reduce fiber
damage during cutting, and subsequent cut with a microtome. The
cross-sectioned surface was polished after cutting. These samples
were used to obtain high-resolution images of the individual fibers
that form the threads. Chemical resolution was obtained by
backscattered electrons imaging since the addition of the resin and
the high magnification noticeably deteriorate the resolution and
accuracy of the EDX mapping.

2.3. Attenuated Total Reflection Fourier
Transform Infrared spectroscopy (ATR-FTIR)

ATR-FTIR is an analytical technique that identifies functional groups in a
sample by analyzing their interaction with infrared light. When the sample
is irradiated, specific wavelengths of infrared light are absorbed, leading to
the excitation of chemical bonds into higher vibrational energy states.
These absorption bands are characteristic of specific chemical bonds and

can be used to determine the functional groups present in the sample [38].

ATR-FTIR was used to investigate the chemical composition of pristine
fabrics. The ATR-FTIR spectra were measured with a PerkinElmer Frontier

spectrometer equipped with an ATR sampling stage. All spectra were
measured in transmittance mode with 10 scans from 600 to 4000 cm! and

aresolution of 1 cm-1.

17
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2.4. Inductively Coupled Plasma - Optical
Emission Spectroscopy (ICP-OES)

ICP-OES is used to identify and quantify the elemental composition of a
sample. A liquid sample is nebulized into a high-temperature plasma,
which provides the energy needed to break the sample molecules into
atoms and ions, and to excite their electrons to higher energy states. When
these electrons return to a lower energy state, light of a specific wavelength
is emitted. The wavelengths of these emission lines are characteristic to
each element, while their intensities are proportional to the element’s
concentration, serving as a fingerprint for both identification and
quantification [39].

ICP-OES was used to determine the weight percentage of metal atoms in
the hybrid textiles. ICP-OES measurements were done by the Chemical
Analytics group at the Leibniz Institute for New Materials (INM) in
Saarbriicken, Germany. Circular samples of 1 cm in diameter were cut from
infiltrated pieces of fabrics of 5x5 cm? and dissolved in 4 mL of H2504
(conc.) and 7 mL of H202 (>30%) at 260°C in a chemical digestion
equipment from Hach. A Horiba Jobin Yvon Ultima2 spectrometer with a
Conikal concentric nebulizer was used. The pressure was set to 2.40 bar
and the flow to 1.82 L/min.

2.5. X-Ray Diffraction (XRD)

XRD uses the interferences of X-Rays interacting with a sample to provide
detailed information about its crystallographic structure. When a
monochromatic X-Ray beam reaches the atoms in the sample, the X-Rays
are scattered [40]. The scattered rays interfere with one another,
producing constructive interferences only when the conditions satisfy
Bragg's law (schematized in Figure 2.3):

nl = 2d sin 6 (2.1)

where A corresponds to the wavelength of the X-Ray beam, d to the spacing
between diffracting planes and 6 to the incident angle of the beam. When
scanning over a range of incident angles, the constructive interferences
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result in a diffraction pattern formed by a series of peaks of varying
intensities which characterize the structure of the sample. The Debye-
Scherrer formula is used to estimate the average crystallite size by
analyzing the broadening of crystalline diffraction peaks in XRD

patterns:
_ KA
o B cosf

(2.2)

where D corresponds to the average grain size, K to the Scherrer constant,
typically with a value of 0.9, A to the wavelength of the X-Ray beam, £ to the
full width at half maximum (FWHM) of the diffraction peak and 6 to the
incident angle of the beam.

dsin@
Figure 2.3. Schematic of Bragg’s diffraction principle.

XRD was used to determine the crystallographic structure of the infiltrated
metal oxide, including their unit cell parameters and mean crystallite sizes.
For that purpose, a fabric sample of approximately 2x2 cm? was repeatedly
cut with a guillotine until powdered. The obtained powder was
compressed into a pellet, placed on an amorphous Si disk to reduce
background contributions, and measured in gonio mode. The XRD
measurements were carried out with a PANalytical X'Pert Pro
diffractometer using a Cu Ka (A=0,154 nm) radiation source with a working
voltage and current of 45 kV and 40 mA, respectively.

2.6. Uniaxial tensile tests

Uniaxial tensile tests analyze the behavior of a sample when subjected to
an external stretching force until its rupture. One end of the sample is
clamped to a fixed grip while the other end is clamped to a sliding one,
which moves parallel to the sample axis at a constant velocity. The stress o
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is calculated by dividing the applied force by the cross-sectional area of the
sample. The strain ¢ is defined as the relative elongation of the sample in
the direction of the applied force. The resulting stress-train curves provide
information about maximum force and deformation that the samples
withstand, their yield strength and the reversibility, that is, elasticity or
plasticity of their deformation.

Uniaxial tensile tests were used to verify the conservation of the
mechanical properties of the pristine fabrics after infiltration. These tests
were done by collaborators at the Technology Centre GAIKER. Uniaxial
tensile tests were carried out on pieces of jeans with sizes of approximately
170x17x0.95 mm?3, following the ISO 13934-1 standard [41]. The width
and thickness of each sample were exactly measured before testing. The
samples were clamped leaving a distance of 100 mm between both grips
of the testing machine. The traction force was applied at a velocity of
50 mm/min.

2.7. UV-Visible absorption spectroscopy

UV-Visible absorption spectroscopy is applied to study electronic
structures by measuring the light absorbed by a sample at each
wavelength. When the sample is irradiated, specific wavelengths are
absorbed, leading to the excitation of electrons from the valence band to
the conduction band. The minimum energy required for this transition to
happen is the bandgap, which corresponds to a sharp increase in the
absorbance [42]. In materials where this increase is not as well-defined,
the Tauc method [43] can be used to graphically obtain a better estimation
of the bandgap by plotting:

(ahv)'Y = B(hv — E,) (2.3)

where a corresponds to the energy-dependent absorption coefficient, h to
the Planck constant, v to the frequency of the photon, Eg4 to the bandgap
energy and B is a proportionality constant. The exponent y depends on the
type of electronic transition and has a value of % for allowed direct
transitions and of 2 for allowed indirect transitions. The bandgap is then
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found by extrapolating the linear part of the curve to the absorption
baseline.

UV-Visible absorption spectra can also be used to determine the
concentration of a solution. Many molecules absorb ultraviolet or visible
radiation at different characteristic wavelengths and the amount of light
absorbed is directly proportional to the concentration of the substance as
described by the Beer-Lambert law:

A = ebc (2.4)

where A is the absorbance, € the molar absorptivity of the compound, b the
path length of the light through the sample and c the concentration of the
substance in the analyte. In this way, when the path length is kept constant
across measurements, changes in the intensity of the absorbance peak of a
compound at its characteristic wavelength can be directly correlated to
changes in concentration.

UV-Visible absorption spectroscopy was used to study the photoprotection
capacity of the hybrid fabrics against ultraviolet radiation, calculate their
bandgaps and quantify the degradation of rhodamine B during
photocatalytic measurements. A further analysis to obtain photoprotection
factor standards is detailed in Chapter 4. Absorption spectra were
measured using a ThermoScientific NanoDrop 2000c spectrometer from
190 to 840 nm with a resolution of 1 nm. The pedestal mode was used for
textile characterization, threads were separated into fibers to achieve the
minimal translucency needed to measure. The cuvette mode was used for
concentration measurements with a light path of 10 mm.

2.8. Photocatalytic activity measurement
protocol

The photocatalytic activity of the hybrid fabrics was quantified by
evaluating the photodegradation of rhodamine B (RhB) under simulated
sunlight conditions. Simulated solar light was generated with a xenon lamp
and an AM1.5G optical filter that recreates the standard solar spectrum at
the Earth’s surface in the wavelengths between 300 and 1100 nm. Samples
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of woven fabric of 2x2 cm? were immersed into 10 mL of 10> M RhB
aqueous solution in glass vials to avoid wall absorption of the dye. Before
any further measurements, a dark test was performed by submerging the
samples in RhB and keeping them overnight without illumination. Only
samples that showed no degradation in the absence of light were
subsequently tested for photocatalytic activity. To initiate the
measurement protocol, samples were immersed into the RhB solution and
kept in the dark for 2 hours to ensure adsorption-desorption equilibrium.
The vials were then exposed to simulated sunlight irradiation at a distance
that provided 1000 W/m? (1 sun) of surface power. During irradiation, the
vials were placed in an ice bath to avoid variations of the concentration due
to heating and water evaporation. A solution of RhB without any
submerged sample and a solution of RhB with an untreated sample were
measured as references each time the protocol was repeated. The
degradation of RhB was quantified by measuring its UV-Visible absorption
spectrum at regular time intervals for 5 hours.

Rhodamine B concentration
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Figure 2.4. Schematic of the photocatalytic activity measurement protocol.
The relative RhB concentration at each time point was calculated applying:

c A

C_o [ A_o (2.5)
where C corresponds to the RhB concentration at each time point, Co to the
initial concentration, 4 to the maximum absorbance of RhB at 554 nm at
each time point and Ao to the initial absorbance at 554 nm. This
proportionality is explained by Equation 2.4. Further data analysis to
obtain the photodegradation reaction rate is detailed in Chapter 4.

22



2.9. Contact angle measurements --

2.9. Contact angle measurements

Contact angle measurements are used to quantify the wettability of a solid
surface. Geometrically, the contact angle is defined as the angle formed by
a liquid at the three-phase boundary where the liquid, gas (air), and solid
(sample) intersect. It serves as an indicator of how well a liquid spreads on
a solid surface, surfaces with a contact angle below 90° are classified as
hydrophilic whereas those with a contact angle above 90° are considered
hydrophobic [44].

8 <90° 0 >90°

Hydrophilic Hydrophobic
Figure 2.5. Schematic of the contact angles of hydrophilic and hydrophobic surfaces.

Contact angle measurements were performed to evaluate the
hydrophobicity of the hybrid textiles. Samples were measured using a
Kriiss G10 contact angle measuring system with a backlit sample stage and
controlled movement along the x, y, and z axes. Distilled water droplets
(10 uL) were dispensed onto the sample surface and measured using a
manual contact angle goniometer.

2.10. Water absorption capacity measurements

The water absorption capacity of the textiles was studied through
gravimetric mass absorption measurements according to ISO 62 [45]. The
amount of water absorbed by the sample is determined by measuring the
mass change of the sample before and after immersion. The water

absorption capacity coefficient, wag, is defined as:
my — My
i =~ (2.6)

where mo corresponds to the initial dry mass of the sample and m: to the
measured mass at each time interval.
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The mass measurements were carried out with a Kern ABT 120-5DM
analytical balance with a 0.1 mg resolution. 2x2 cm? samples were dried at
60°C overnight. After measuring the dry mass of the samples, they were
immersed in 80 mL of distilled water and weighed at different time
intervals.

2.11. Antibacterial protocol

The bacteriostatic activity of the hybrid fabrics was evaluated against the
bacterial strains Staphylococcus aureus (S. aureus, ATCC 35556) and
Escherichia coli (E. coli, ATCC 25922), used as model organisms for gram-
positive (GRAM+) and gram-negative (GRAM-) bacteria, respectively, and
against Corynebacterium striatum (C. striatum), a bacterium related to
body odor.

This protocol was developed as an adaptation of the protocol reported by
Liu et. al [35] for the testing of the antimicrobial activity of orthopedic
implants. It consists of the following steps:

i. Optical density and bacterial concentration calibration

To establish a relationship between the optical density (OD) and the
bacterial concentration in colony forming units per milliliter (CFU/mL) of
a bacterial suspension, a bacterial suspension of a certain measured initial
OD was plated onto tryptic soy broth (TSB) or lysogeny broth (LB) agar
plates for S. aureus and E. coli, respectively. The bacterial concentration
was determined by serially diluting, plating and colony counting following
the standard plate count method, choosing the dilution in which the drops
had 2-20 CFU. This step was done in triplicate for each bacterial strain and
only needs to be done the first time the protocol is applied.

ii. Bacterial culture preparation

A single colony of S. aureus or E. coli was inoculated into 5 mL of TSB or LB,
respectively, and incubated overnight at 37°C. The OD of the bacterial
suspension was measured and diluted to a concentration of 5x10° CFU/mL
using sterile broth.
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iil. Sample inoculation

2x2 cm? samples were placed in 55 mm Petri dishes and immobilized with
labeling tape. A drop of 400 pL of the bacterial suspension was added to
the top of each sample and covered with a 4x4 cm? piece of Parafilm to
evenly cover the sample surface. The samples were incubated overnight at
37°C.

iv. Washing and bacterial recovery

After removing the Parafilm with sterilized tweezers, the samples were
washed with 5 mL of sterile phosphate buffered saline (PBS) three times
to remove non-attached bacteria. Afterwards, the labeling tape was
removed, and the samples were transferred to 50 mL Falcon tubes
containing 10 mL of PBS and sonicated for 10 minutes to dislodge the
attached bacteria.

V. CFU determination

Serial dilutions of the sonicated PBS bacterial suspension were prepared
in a 96-well plate, and 3x10 pL drops of each dilution were plated on TSB
or LB agar plates. Plates were incubated overnight at 37°C. CFUs were
counted following the standard plate count method, choosing the dilution
in which the drops had 2-20 CFU. The final bacterial concentration in the
sample, C, was calculated using the following formula:

C = Average CFU number x DF x AF (2.7)

where the average CFU number is taken from the 3 drops of the same
dilution, DF corresponds to the dilution factor and AF to the aliquot factor.

iii. iv. V.
= Washing Sonicating Serial diluting Viable CFU
with PBS 10 min and plating count
i (x3)
' | -
1 - I

- 3 = ‘\ J/

5x10° —s —n o

Figure 2.6. Schematic of the antibacterial protocol.
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For statistical accuracy, every sample was tested in triplicate and the final
CFU value averaged. Samples of the corresponding pristine fabric were
tested as positive control each time the protocol was repeated.

2.12. Antifungal protocols

To evaluate the antifungal activity of the textiles, Aspergillus nidulans
(A. nidulans) was taken as model organism for a saprophytic filamentous
fungus.

The fungicidal activity of the samples was tested by analyzing their ability
to inhibit polar extension of actively growing hyphae. 1x1 cm? samples
were placed radially and equally spaced from the center of a 15 mL
minimal culture medium (MMA) plate. To minimize the influence of sample
thickness on fungal growth, 10 mL of liquid MMA was added and allowed
to solidify, embedding the samples within the medium rather than leaving
them protruding. Asexual spores (conidia) were point inoculated at the
center of the plate. After 24 hours of incubation at 37°C, the fungal growth
was visually monitored as the hyphae at the periphery of the colony
approached the samples.

The fungistatic activity of the samples was tested by analyzing their ability
to inhibit spore germination. Conidia were collected from 72 hours-old
cultures, washed twice with Tween 20 (0.02%), quantified using a Thoma
cell counter and diluted in melted MMA. 1x1 cm? samples were placed
radially and equally spaced from the center of a 15 mL minimal culture
medium (MMA) plate. 10 mL of the MMA spore solution, containing 105>
conidia, was spread onto the plates and left to solidify. The plates were
incubated at 37°C, visually monitoring the germination and growth after
24, 48 and 72 hours until a mycelium is formed.

2.13. Flammability tests

The fire resistance of the hybrid fabrics was evaluated by analyzing their
combustion behavior in air. The flammability testing protocol and set up
were developed in-house, based on those reported in [46].
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2.5x5 cm? samples were placed on a metal holder and secured with a
magnet, leaving 1 cm of the fabric suspended. One of the suspended
corners of the sample was exposed to the flame of a standard lighter until
ignition occurred. Fire was allowed to burn either until its extinction or
until 4cm of the sample had burned. The combustion process was
recorded on video and timed. Time to ignition, burning duration, char
formation, and smoke production were compared visually to those
obtained for pristine fabrics.

2.14. Color spectrophotometry

Color spectrophotometry is used to quantify the color of a sample by
analyzing its interaction with light. The sample is illuminated with broad-
spectrum white light, and the intensity of the light reflected at each
wavelength is measured using a spectrophotometer [47]. The resulting
spectral data is processed to calculate color values that represent the
perceived color of the sample.

Color spectrophotometry was used to study the changes in visual
appearance of the samples caused by infiltration. Color measurements
were done using a Konica Minolta CM-17d spectrophotometer in
reflectance mode with a wavelength range from 400 to 700 nm. The
measurement geometry for diffuse and directional illumination was set to
8¢ and the aperture size was set to SAV (Small Area View, 3 mm). Both the
included (SCI) and excluded (SCE) specular components were measured.
5x5 cm? samples were measured in triplicate, taking measurements at 3
different surface points of each sample. Further information on the CIELAB
color space and color difference calculations are detailed in Chapter 5.

2.15. Fingertip friction and motion capture
measurements

Fingertip friction and motion capture measurements were conducted with
the participation of volunteer subjects. 6x6 cm? samples were mounted on
5x5 cm? metallic holders, filled with PDMS of 0-30 on the shore hardness
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scale to mimic the stiffness of thigh skin, and secured with metal frames.
Participants were presented with sample triplets and asked to sense them
with the index fingertip of their dominant hand in a circular motion. During
tactile exploration, the applied force, decomposed into its three axial
components, was recorded. Simultaneously, finger position and velocity
were tracked using an infrared camera system.

Fingertip friction and motion capture measurements, combined with an
Odd Sample Out perceptual task, were used to analyze changes in the
tactile perception of the fabrics after infiltration. Forces were measured
using a ME-Messsysteme K3D120 three-axis force sensor connected to a
GSV-8 amplifier. Motion capture was performed with the OptiTrack
V120:Trio infrared camera system. Both systems were synchronized using
custom LabView programs. Further details on the Odd Sample Out
methodology, as well as the analysis of friction and tactile perception data,
are provided in Chapter 5.
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e 3.

Characterization of the
organic-inorganic hybrid textiles

This chapter aims to give a complete understanding of the structure and
composition of the fabrics before and after treatment with VPI.

The composition and distribution of the threads that are woven to form the
cotton and jeans fabrics are explained. Then, the surface and internal
changes, introduced by the infiltration of the threads, are studied by
electron microscopy and compared to those introduced by coating with
Atomic Layer Deposition (ALD).

The chemical composition of the obtained organic-inorganic hybrid fibers
is analyzed by Energy Dispersive X-Ray spectroscopy (EDX) and Optical
Emission spectroscopy (ICP-OES), and their structural order is
investigated by X-Ray Diffraction (XRD).

Finally, the mechanical properties are investigated through tensile testing
of the infiltrated fabrics.

3.1. Conformation of the fabrics

The textiles used in this study were woven, that is, fabricated by the
interlacing of two sets of threads, called warp and weft. Each of the
individual threads was formed by spinning of tens of individual fibers. In
the raw cotton fabric, all of these fibers were natural cotton. These fibers
were spun together and could not be separated. The commercial jeans had
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a composition of 50% cotton, 44% polyethylene, 5% elastomultiester and
1% elastane, according to the description provided by the supplier. This
fabric has been dyed and treated by the manufacturer before the
infiltration with VPI. We did not receive any information about chemicals
and techniques used during this treatment by the manufacturer. The
threads could be separated into individual fibers, of which fibers on the
outer textile surface were dyed in the typical blue jeans color while inner
fibers of the textile were white.

Before any treatment, we first characterized the two types of fibers found
in the jeans threads to understand how cotton and polyethylene are
distributed in them. This distinction is important, since differences in
structure and chemistry of the polymers can affect their response to
infiltration, ultimately changing the characteristics and properties of the
resulting hybrid material.
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Figure 3.1. Schematics of the sample appearance, backscattered electrons image and

infrared spectra of the two main types of fibers, polyethylene (grey), and cotton (blue),
forming the threads in jeans.
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To do so, we analyzed cross-sectional images of the threads in the SEM
using a vCD detector. The backscattered electrons show an image with
material dependent contrast, as shown in Figure 3.1. Each of the threads
is formed by a core of multiple polyethylene fibers (grey), surrounded by a
shell of cotton fibers (blue). The polyethylene fibers appear darker, more
compact and with an angular shape. Cotton fibers appear lighter and have
a more organic shape, with a characteristic hollow nucleus known as the
lumen [48]. This distinction was confirmed by measuring FTIR spectra of
the individual fibers. Characteristic resonance bands found for each of
them coincide with the expected chemical structure of the polymers [49],
[50].

3.2. Proof of infiltration

3.2.1. Infiltration process

The chosen fabrics are treated by VPI to produce organic-inorganic
hybrids, in which the polymers act as the organic matrix and are infiltrated
with zinc oxide or titanium dioxide. Both types of fabrics were infiltrated
with ZnO or TiO2 following the standardized conditions in this thesis.
Samples were processed interchangeably in a Savannah reactor from
Cambridge Nanotech and a PLAY reactor from CTECHnano. Typically, the
samples are suspended in the chamber in a way that allows both sides of
the fabric to be in contact with the precursors. DEZ was used as the zinc
source and TiCls as the titanium source. In both cases purified water (H20)
was used as the counter precursor. All precursors were kept at room
temperature. The processing temperature was set to 60°C for ZnO and
100°C for TiO2z infiltration. As explained in the previous chapter, the
process temperatures were chosen to minimize damage to the fibers and
to avoid drastic changes in their appearance. N2 was used as carrier gas
with a constant flow of 20 sccm. Each VPI half-cycle consisted of 40 ms of
precursor dosing, 40 s of exposure and 60 s of purge. Three pieces of fabric
of 5x5 cm?2 each were treated in the same process.
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3.2.2. Morphology of the hybrid fabrics

To analyze the changes introduced into the fabrics by the infiltration
process, we first take a look at the morphology of the individual threads
and fibers under the electron microscope. Even though our process
primarily infiltrates the metal oxides, in most cases a concerted coating of
the surface of the substrate with a thin layer of the inorganic material is
unavoidable. In the chosen textiles, the outermost fibers are composed of
cotton. The cellulosic molecular structure contains high concentrations of
hydroxyl groups which are highly reactive towards the used precursors
[27]. Therefore, the ALD growth on the surface will occur and provoke
changes in the surface topography of the outer fibers of the threads, which
can be used to confirm the success of the process. To investigate them, we
extract random threads from the treated pieces of fabric and image them,
as shown in Figure 3.2 for ZnO and in Figure 3.3 for TiOz infiltration.

80 cycles
B

Figure 3.2. SEM images of the surface of jeans fibers before and after 80 and 300 cycles
of ZnO infiltration.

The surface of the fibers before treatment (labeled as ‘blank’) is smooth
and presents few features, apart from some deeper trenches due to the
natural bending of the fibers or to the union of two separate fibers. After
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the treatment with both ZnO and TiOz2, the surface roughness increases.
This change is already appreciable after 80 cycles of treatment. The fibers
look thicker and less uniform, with bulges appearing on the surface, and
the trenches are progressively filled with the coating material. After 300
ZnO infiltration cycles, we can see a granular structure of small circular
domains (zoomed area in Figure 3.2), characteristic of crystalline
materials, completely covering the surface of the fibers.

Blank

80 cycle

Figure 3.3. SEM images of the surface of jeans fibers before and after 80 and 300 cycles
of TiOz infiltration.

In the case of TiO2, the coating does not have a distinct periodicity
characteristic of crystalline order. The effectiveness of the treatment can
also be appreciated during the imaging of the fibers with SEM through
noticeable changes in brightness and contrast, especially after ZnO
infiltration. As the fibers become more conductive, due to the addition of
the metal oxides, they charge less under the electron beam, making their
imaging easier.

Once we knew that the oxides are growing on the fibers, we moved on to
confirm infiltration by studying the cross-section of the threads. In order
to identify and distinguish the infiltrated zones, we combined imaging with
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backscattered electrons and EDX mapping. Here, we focus on treatment
with ZnO rather than TiO2, since the characteristic La energy of Zn
(1.012 keV) [51] is easier to distinguish from the other elements present
in the polymers than the La energy of Ti (0.452 keV), and also lower than
the Ka energy of Ti (4.510 keV). Emission lines with higher energies need
higher accelerating voltages to be correctly detected, which accentuates
the charging and damaging of the samples, leading to a lower quality of the
images and maps obtained. The resulting images for the cotton fabric
infiltrated with 300 cycles of ZnO are shown in Figure 3.4.

Figure 3.4. SEM images and EDX maps of Zn atoms (green) in the cross-section of a
cotton thread after 300 ZnO infiltration cycles.

The left and middle images show the cross-section of a thread obtained
after cutting the woven fabric with a scalpel. No further treatment was
done to the exposed surface. From the EDX map on the left-hand side (Zn
colored green), we can confirm that there is Zn distributed all over the
inside of the thread. In the middle image, we magnified the inner section
of the fibers of the thread. In this map, Zn is found dominantly covering the
individual fibers, suggesting that each individual fiber is at least coated.

To verify whether the fibers are infiltrated or just coated, the thread was
encapsulated in resin and cut with a microtome to reduce the damage
caused to the fibers when preparing a cross-section. In this case, the
surface of the cross-section was polished prior to imaging. The addition of
the resin, combined with the high magnification needed to analyze a single
fiber, deteriorates the resolution and accuracy of the EDX maps. To get
around this, we used imaging with backscattered electrons for a better
chemical resolution instead. In the image to the right, the cross-section of
an individual cotton fiber is shown. The green coloring marks the
inorganic-organic gradient below the surface of the fiber, formed after
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infiltration with ZnO. This confirms that each of the fibers of a thread is
infiltrated with the metal oxide.

These images prove that the fabrics are infiltrated in two ways. First, each
of the woven threads is fully infiltrated since the metal oxide is found even
in the most central fibers. Secondly, each of the fibers forming the thread is
infiltrated, creating a gradient of metal oxide from the surface into the
polymer bulk. Therefore, we achieved the growth of the inorganic
materials both inside of the threads and inside of the fibers that constitute
them upon treating a macroscopic piece of woven fabric.

3.2.2.1. Comparison with ALD

After having proven successful infiltration of the fabrics, we compared the
mechanical properties with those of ALD-coated fabrics. For the
preparation of the coated samples, all process parameters described in
Section 3.2.1 were maintained except for the exposure time, which was
eliminated. Thus, each half cycle consisted of 40 ms of precursor dosing
and 60 s of purging. With this change, the precursor molecules do not have
sufficient time to diffuse and penetrate into the threads and fibers of the
fabric, and the reactions only happen on the outer surface, coating the
samples.

This difference between ALD and VPI becomes greatly important when the
organic substrate has a high flexibility, as is the case of textile fibers. The
inorganic material is ceramic, adding brittleness to the substrate.
Manipulation of the fabrics can cause cracking or even complete
detachment of the metal oxide coating, as shown in Figure 3.5. Image a.
was taken using a vCD detector and backscattered electrons. The metal
oxide coating appears brighter than the exposed fiber surface. Images b., c.
and d. were taken with a regular ETD detector, sensing secondary
electrons. Here, the exposed fibers appear brighter than the coating as they
become charged under the electron beam. During an ALD process, a rigid
layer of the inorganic material is formed on the surface, creating an abrupt
interface between the polymer and the metal oxide. As a consequence,
once a crack forms, it can propagate quickly, causing delamination. This
damage can be significantly reduced by using VPI. Here, a density gradient
forms below the surface gradually blending the inorganic and organic
materials. This makes cracks less likely to appear and propagate, since it
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minimizes the difference in strain and retains the flexibility of the
fibers [27].

Figure 3.5. SEM images showing cracking and detachment of the coating of cotton
(a.and b.) and jeans (c. and d.) fibers after coating with 300 ZnO ALD cycles.

3.2.3. Chemical composition of the hybrid fibers

So far, we have confirmed the successful infiltration of the fibers, creating
organic-inorganic hybrids of polymers and metal oxides. Here, we further
characterized them with focus on their chemical composition, estimating
the amount of metal incorporated into each type of fabric by VPI.

Initially, the analysis was done with energy dispersive X-ray spectroscopy
(EDX). Although this technique is not sufficiently precise for a quantitative
analysis, it allows us to confirm the presence of metal atoms inside the
fibers, estimate their quantity and compare with other materials. All the
spectra were taken with an accelerating voltage of 10 keV of the e~-beam,
the lowest possible that still can detect the Ka energy of Ti. To reduce the
error, the mean value of 10 measurements of different fibers and its
deviation error are taken. The results obtained after 80 and 300 infiltration
cycles of ZnO and TiOz are shown in Figure 3.6.
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Figure 3.6. EDX analysis, taken at 10 keV, of the atomic percentage of Zn and Ti found in
cotton and jeans fibers after 80 and 300 infiltration cycles of ZnO and TiO-.

Before measuring, the jeans threads were taken apart, separating the
polyethylene fibers from the cotton fibers. The analysis of the metal
content in each of them was carried out independently. The results are
labeled ‘inside’ for the fibers of polyethylene and ‘outside’ for the cotton
ones, according to their placement in the threads.

Natural cotton fibers have a higher atomic percentage of both Zn and Tij,
about two times more than the cotton fibers in jeans after each VPI
treatment. This implies that the processing of the cotton fibers in jeans,
which is unknown but surely includes chemical modifications like
bleaching and dying, reduces the reactivity towards the used precursors or
the density of the reactive groups found in the polymer. Therefore, raw
natural fibers are more responsive to infiltration treatment and can uptake
more ZnO and TiOz. In both fabrics, the atomic percentage of Zn for a given
number of cycles is higher than that of Ti. This is not surprising since the
growth rate of the ALD of ZnO from DEZ and water is higher than that of
TiO2 from TiCl4 and water.

The presence of metal atoms in the inner polyethylene fibers, forming the
threads in jeans, further confirms the full infiltration, achieved even when
treating larger pieces of the fabrics. The amount of Ti found in the inner
polyethylene fibers of the threads (inside) was higher, closer to the amount
found in the outer cotton fibers (outside), than the amount of Zn atoms.
This could be due to a faster growth of ZnO on the surface, blocking the in-
diffusion of DEZ into the threads after a lower number of cycles than TiOx.
Another possibility could be the polyethylene fibers being more reactive
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towards TiCl4 than DEZ, increasing the amount of TiO2 that can be grown
in the inside of the thread.

Lastly, we observed that the increase in the percentage of metal atoms is
not linearly correlated to the number of cycles. In the case of cotton, the
atomic percentage of Zn increases from 7% to 10% when increasing the
number of cycles from 80 to 300; in the case of Ti, it increases from 4% to
5.5% for the same cycle increment. If the atomic percentages increased
linearly the final percentages should be 25 and 15% for Zn and Tij,
respectively. The same tendency is observed in the case of jeans. The
atomic percentage of Zn rises from 2.3 to 4.4%, but not to 8.7%, and that
of Ti rises from 2.8 to 3.1%, instead of 10.7%. This clearly shows the loss
of self-limitation when using VPI instead of ALD. Additionally, as
mentioned, the coating of the surface of the polymer can eventually
prevent the diffusion of the precursor molecules into the polymer. In this
way, the inorganic material can no longer be infiltrated and the deposition
changes into an ALD regime, growing only as a coating with a thickness
proportional to the number of cycles. When looking at the optimization of
the process and its applications, this suggests that an increase in the
number of cycles will not necessarily ensure significantly better
functionalities.

To obtain a more reliable quantification of the metal oxides in the hybrid
textiles, we analyzed the fabrics by inductively coupled plasma-optical
emission spectroscopy (ICP-OES). Circular pieces of 1 cm in diameter were
cut from the 5x5 cm? treated fabrics and dissolved in H2S04 at 260°C in a
chemical digestion equipment. A Conikal concentric nebulizer was used,
the pressure was set to 2.40 bar and the flow to 1.82 L/min. The
characteristic emission lines are 213.856 nm for Zn and 334.991 nm for Ti
[52]. The obtained weight percentages are shown in Figure 3.7.

With this technique, we focused on the weight percentage of the metal in
the sample rather than the atomic percentage. Since Zn is approximately
1.37 times heavier than Ti, the differences in quantity become more
evident when talking about weight. Again, we confirmed that the
deposition rate of Zn is higher than that of Ti and, for the same number of
cycles, there will be a higher amount of ZnO than of TiO2 in the resulting
hybrid fabrics.
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Figure 3.7. ICP-OES analysis of the weight percentage of Zn and Ti found in cotton and
jeans fabrics before and after 5, 80 and 300 infiltration cycles.

ICP-OES provides reliable quantification and much higher precision at
lower concentrations than EDX. The bars for the weight percentages of Zn
and Ti in the untreated fibers were added since they are very low, but not
zero. These atoms probably come from cross-contamination during the
manufacturing and packaging of the samples or from traces of the metals
in water. In the case of infiltration with Ti, the increase during the first 5
cycles is about 30% for both fabrics. Infiltration with 5 cycles of Zn,
however, increases the weight percentage of Zn in the samples by 100%
already. The weight percentages of the sample treated with 5 cycles are
also measured to further analyze the loss of linearity of the growth per
cycle of VPI and its saturation. This behavior is different when infiltrating
cotton and jeans. In cotton, the uptake of both metal oxides per cycle is the
highest at 80 cycles. In jeans, the uptake is highest during the first 5 cycles
and is periodically decreased with increasing number of cycles. This gives
an idea of how the fabrics saturate differently during the infiltration
process. In cotton, the infiltration continues until at least 80 cycles,
resulting in hybrid fibers with a higher amount of metal oxide. In jeans, the
infiltration starts to become hindered earlier in the process, either due to
a lower reactivity or a higher resistance to diffusion, resulting in hybrid
fibers with at most half the amount of metal oxides as in cotton.
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3.2.4. Structural order in the hybrid fibers

In this section, we focus on the structural order of each of the materials
inside the hybrid organic-inorganic textiles. In Section 2.2, the SEM
images of the surface coatings already hint at crystalline order in ZnO,
whereas TiO2 seems to be amorphous. This corresponds well with the
literature, describing ZnO growing crystalline at temperatures as low as
40°C [53], while TiO2 does not show any crystallinity below 190°C [54]. To
further confirm these results, we analyzed the infiltrated textiles by XRD.
For that, a piece of approximately 2x2 cm? is repeatedly cut until powdered
using a guillotine. The obtained powder is compressed into a pellet and
measured in gonio mode. The XRD measurements were carried out with a
Cu Ka (A=0,154 nm) radiation source with a working voltage and current
of 45 kV and 40 mA, respectively.

The diffraction patterns obtained from cotton fabrics before and after
different cycles of ZnO infiltration are shown in Figure 3.8. ICDD
diffraction patterns for wurtzite ZnO (04-008-8199) [55] and Ip-cellulose
(00-056-1718) [56] are shown as reference. The original raw cotton fabric
has three main peaks at 206 of 14.93, 16.64 and 22.98°, which match those
associated with the parallel chains of Ig-cellulose. This phase of cellulose is
characteristic of plants, like cotton or flax, and typically contains a mixture
of crystalline and amorphous regions. These peaks can slightly shift with
ambient moisture absorption. Since the infiltration process involves the
heating of the fabrics and can cause changes in the water content through
desorption, the untreated samples are heated at the same temperature for
the same duration as the process, but without any precursors, to ensure a
correct comparison. The cellulose peaks do not shift after infiltration,
indicating that the infiltration does not modify the order of the polymer
chains.

As the number of ZnO infiltration cycles increases, the characteristic peaks
of ZnO in its wurtzite phase become clearer and more intense. At 20 cycles
we expect a very small amount of ZnO in the hybrid textile relative to the
substrate and its signal is likely covered by that of cellulose. The triplet of
ZnO peaks around 35° coincides with a feature in the untreated cellulose
making it difficult to detect, only the peak at 32.28° can be clearly
distinguished. At 80 cycles, the peaks at 57.19, 63.31 and 65.46°, as well as
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the broader peak around 48°, become visible. Finally, at 300 cycles the
whole ZnO diffraction pattern can be seen, along with that of cellulose.
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Figure 3.8. XRD patterns of cotton fabrics before and after different ZnO infiltration
cycles and reference ICDD patterns for wurtzite ZnO and Ig-cellulose.

The diffraction patterns obtained for jeans fabrics before and after varying
cycles of ZnO infiltration are shown in Figure 3.9. The ICDD diffraction
pattern for B-polyethylene (00-011-0834) is also shown. The untreated
fabrics consist of cotton and polyethylene. The characteristic peaks of
cellulose appear in the diffraction pattern along with new peaks at 19.64,
21.78 and 24.23°. These peaks, although slightly displaced, match most
closely the peaks in (-polyethylene, a crystalline phase of polyethylene,
formed in high stress and shear conditions like upon drawing fibers.

Again, the peaks corresponding to the polymer structure are not changing
with the infiltration process. In the case of jeans, 80 cycles of ZnO
infiltration are necessary to resolve the ZnO peak at 31.54°. Since the
untreated fabric has less features at higher angles, the peaks at 56.50,
62.80 and 67.80° are also distinguishable. At 300 cycles, these peaks
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become clearer, and at 600 cycles, the whole ZnO diffraction pattern can be
appreciated with sharper and well-defined peaks. In the case of cotton, 300
cycles were enough to resolve the ZnO peaks, again showing that raw
cotton is more responsive to the infiltration treatment, and the resulting
hybrid textiles have a higher percentage of inorganic materials than those

of jeans.
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Figure 3.9. XRD patterns of jeans fabrics before and after different ZnO infiltration
cycles and reference ICDD patterns for wurtzite ZnO, Ig-cellulose and -polyethylene.

In both diffraction patterns, those of cotton and jeans, there is a significant
shift of the ZnO peaks towards higher angles with respect to the reference
pattern, which indicates a reduction of the unit cell parameters of the
infiltrated ZnO. The main ZnO unit cell parameters calculated from the XRD
patterns are shown in Table 3.1.
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[100]26 (°) | [200]26 (°) | a(A) | c(A) |V (A3

Reference | Wurtzite ZnO 31.619 34.335 3.265 | 5.219 | 48.18
Cotton 300 cycles 32.276 34.794 3.200 | 5.153 [ 45.70
Jeans 600 cycles 32.147 34.628 3.213 | 5.177 | 46.27

Table 3.1. Unit cell parameters of reference ZnO and ZnO grown in cotton and jeans.

In both fabrics, all unit cell parameters of the infiltrated ZnO are
compressed in comparison to those of self-standing ZnO. In cotton, a is
reduced to 98% of the reference value while c is reduced to 98.7%, making
the total volume of the cell 94.8% of the reference value. In jeans, the
reduction is slightly smaller, 98.4% for a, 99.2% for c and 96% for the total
volume. Therefore, the infiltrated ZnO has gone through a severe
compressive strain, likely induced by defects, which can affect its electric
and mechanical properties. Similar characteristics have been reported in
ALD-grown ZnO on polysulfone (PSU) electrospun fibers and are
attributed to interstitial Zn atoms [57].

The mean crystallite size of the infiltrated ZnO was estimated from the XRD
patterns using the Debye-Scherrer formula (Equation 2.2). The structure
of the grown oxide is composed of nano crystallites of 12.8+1.8 nm in
cotton and of 11.5+1.5 nm in jeans.

The diffraction patterns obtained for TiO2 infiltration in both cotton and
jeans only show the peaks corresponding to the polymers, confirming that
the TiO2 in the hybrid textiles is amorphous.

3.2.5. Mechanical properties of the hybrid textiles

After confirming the infiltration of crystalline ZnO into the textile
polymers, it is necessary to ensure that this treatment does not worsen the
mechanical properties of the resulting hybrid textiles. In order to analyze
this, uniaxial tensile tests were carried out on pieces of jeans with sizes of
17x1.7 cm? and a thickness of 0.95 mm, approximately, following the ISO
13934-1 standard [58]. Each end of the samples was clamped to the testing
tool, which applies a traction force at a velocity of 50 mm/min. The results
obtained for jeans before and after 80 and 300 cycles of ZnO infiltration are
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shown in Figure 3.10. Five replicas of each treatment condition are tested
for result reliability.
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Figure 3.10. Engineering stress-strain curves, deformation and force at breakage and
yield strength of jeans fabric before and after 80 and 300 ZnO infiltration cycles.

The engineering strain-stress curves of the textiles before and after
infiltration with 80 and 300 cycles of ZnO are very similar. There is no
appreciable difference between processing conditions. Moreover, the
dispersion between the replicas of a given condition overwhelms the
differences between processing conditions. From these curves, some key
parameters describing the resistance of the textiles can be extracted. The
maximum deformation before breakage is slightly increased with
infiltration, rising from 28.6 to 29.5%. The maximum force resisted by the
textiles decreased from 2700 to around 2500 N after treatment. The yield
strength of the fabrics was maintained, oscillating between 160 and 155
MPa. The variations in these parameters are minimal and, considering the
measuring errors, can be neglected. Therefore, we can consider that the
resistance of the textiles to uniaxial tension is generally preserved after the
infiltration of crystalline ZnO, making the hybrid textiles as apt as the
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untreated ones for applications where fabrics are required to withstand a
deformation by an applied load.

3.3. Conclusions

We have thoroughly characterized cotton and jeans fabrics before and after
different treatments by VPI of ZnO and TiOz, attending to their morphology,
chemical composition, and structural order.

Before any treatment, the conformation of the woven fabrics was
investigated to identify the composition of the polymers that form each
thread and their distribution, allowing for a better understanding of their
response to the infiltration.

After each of the fabrics was infiltrated with a standardized VPI process,
the surface and cross-section of the individual threads were analyzed using
SEM. The changes in the surface roughness confirmed the homogeneity of
the treatment and hint at the structural order of each of the oxides. Imaging
and chemically resolved mapping of the cross-section confirms that each
of the individual fibers forming the threads were infiltrated. The VPI
process is therefore infiltrating the threads in two senses, simultaneously
achieving the growth of the metal oxides inside of the threads and below
the surface of the fibers that constitute them, all while treating a
macroscopic piece of woven fabric.

Additionally, we compared the damage found in the hybrid fibers obtained
by VPI with the ones found in fibers coated by regular ALD. The metal
oxides grown by VPI are less prone to cracking and peeling with stretching
and bending of the textiles due to a gradually changing hybrid interface
layer between the polymer bulk and the brittle inorganic coating.

The chemical composition was analyzed by EDX and ICP-OES to confirm
the presence of Zn and Ti atoms in the obtained organic-inorganic hybrid
fibers. Quantification confirmed that the amount of infiltrated ZnO is
higher than that of TiOz2, following the tendency of the known ALD growth
rates for each of the processes. Raw cotton allowed more infiltration of the
metal oxide than treated commercial jeans, which became saturated faster.
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The presence of metal atoms in the inner fibers of the threads further
confirms that full infiltration was achieved.

The structural order was investigated by XRD. As expected from the chosen
deposition temperatures, the infiltrated TiO2 grows amorphously, while
ZnO grows in its wurtzite crystalline phase. In cotton, the characteristic
peaks of Ig-cellulose appeared, while in jeans they appeared in
combination with the -polyethylene ones. These peaks did not shift with
infiltration, proving that the structural order of the polymeric chains was
not affected by the infiltration. The intensity of the characteristic peaks of
ZnO increased with the number of infiltration cycles and reaffirmed that
the amount of metal oxide in cotton is higher than in commercial jeans. In
both fabrics, a shift in the position of the ZnO peaks indicated that the unit
cell of the infiltrated metal oxide is compressed.

Finally, the preservation of the mechanical properties of jeans pieces of
fabric infiltrated with ZnO was confirmed through tensile testing of the
infiltrated fabrics.
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Achieved functionalities of the
organic-inorganic hybrid textiles

After the characterization of the structure and composition of the
cotton-based fabrics infiltrated with metal oxides using VPI, this chapter
focuses on the evaluation of their induced functionalities. The goal is to
obtain as many as possible properties of relevance for the textile industry
with a single VPI process.

The photoprotective function of the hybrid textiles against ultraviolet
radiation (UVR) was tested by measuring their UV-Visible absorption
spectra and extracting their bandgaps. Ultraviolet Protection Factors (UPF)
and UVB and UVA blocking percentages were computed as standardized
quantification of the effectiveness in blocking erythema-inducing UVR.

For the analysis of their self-cleaning activity, the photodegradation of
organic dyes under simulated solar light was studied as well as the
durability of the photocatalytic activity. The changes in contact angle and
water absorption capacity of the fabrics induced by the infiltration were
quantified.

The antimicrobial properties of the textiles were proven both against
bacteria and fungi. The bacteriostatic activity of the hybrid fabrics,
prepared with varying number of cycles, was tested against Staphylococcus
aureus and Escherichia coli, model strains of GRAM+ and GRAM- bacteria,
respectively. Additional tests against Corynebacterium striatum were
carried out to assess the elimination of body odors. The antifungal activity
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was analyzed by observing the inhibition capability of the textiles against
polar extension of actively growing hyphae and spore germination of the
model filamentous fungus Aspergillus nidulans.

The improvement in fire resistance of the hybrid fabrics was evaluated by
visually analyzing their combustion behavior in open air, focusing on
parameters such as time to ignition, burning duration, char formation, and
smoke production.

Finally, the durability of the obtained UV-blocking and antibacterial
properties to conventional washing of the fabrics with water and soap was
proved.

4.1. UV protection

Exposure to ultraviolet radiation (UVR) remains the most important risk
factor for the development of skin cancer, it can also cause erythema,
photoaging and pigment darkening of spots on the skin. It is not possible
to completely avoid UVR, making protective methods like sunscreen and
protective clothing key in the prevention of such pathologies. Some recent
studies have shown that photoprotective fabrics are more effective in
absorbing UVR than sunscreen, and their reliability does not depend on
correct application. Both ZnO and TiOz are widely used as inorganic
components in sunscreens, absorbing radiation within the UVB
(280-315nm) and UVA (315-400 nm) wavelengths and reflecting the
longer UVA and visible wavelengths. Here, we analyze the UV-blocking
efficacy of the organic-inorganic fabrics studied.

4.1.1. UV-Visible absorption spectra and bandgaps

We analyzed the absorption spectra of treated textiles in the UV-Visible
range. To measure the absorption, the samples need to be relatively
translucent and allow some light to pass through. Therefore, we cannot
measure whole pieces of fabric but have to focus on individual threads
instead. Still, an individual thread does not allow enough signal to pass to
the detector, and no absorption signal can be recorded. In the case of
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cotton, these threads cannot be taken apart into individual fibers without
them breaking, thus it is not possible to measure their absorption spectra.
In the case of jeans, each individual thread can be untightened and fanned
out, separating the individual fibers in a way that allows light to pass
through them. For this reason, the following discussion in this section
refers to the jeans fabrics but, considering the metal oxide quantification
discussed in Chapter 3 and the photocatalysis studies in Section 4.2.1,
similar results can be expected for raw cotton. The UV-Visible absorption
spectra measured for jeans fibers before and after infiltration with ZnO and
TiO2z are shown in Figure 4.1.
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Figure 4.1. UV-Visible absorption spectra of jeans fibers before and after infiltration of
Zn0 and TiOz applying different cycle numbers.

The untreated fibers only show a significant absorption in the UVB region,
with a full absorption peak at 215 nm and a smaller one at 270 nm. For
both metal oxides, an extension of the absorption into the UVA wavelengths
is observed after the infiltration. In the case of ZnO, the total absorption
between 200 and 360 nm progressively increases with the number of
cycles while the absorption wavelengths do not shift. In the case of TiOz,
however, the absorption curve progressively advances into the UVA and
near-visible regions when the number of cycles is increased. From these
spectra, we can see that the UV-blocking capacity of the fibers has been
improved. The reported values for the bandgaps of cellulose and
polyethylene range from 5 to 5.6 eV [59] and from 8 to 9 eV [60],
respectively. This implies that they can only absorb radiation in the UVC
(100-280 nm) region of the solar spectrum, which is completely
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attenuated by the ozone present in the atmosphere before reaching the
Earth’s surface. These values are in good agreement with our
measurements of the untreated jeans fibers. In order to get quantitative
information about the changes in the bandgaps of the hybrid fibers
prepared, we apply the Tauc method [61] to the absorption curves and
calculate their bandgap. The results obtained are shown in Figure 4.2 for
ZnO and Figure 4.3 for TiO: infiltration.
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Figure 4.2. Tauc plots and obtained bandgaps for jeans fiber treated with 80, 120 and
300 ZnO infiltration cycles.

ZnO0 is a direct bandgap semiconductor so the y factor in the Tauc plots is
taken as 7. After 80 infiltration cycles the bandgap of the hybrid fiber
obtained is of 3.66 eV (339 nm). Increasing the number of infiltration
cycles further reduces the bandgap to 3.40 eV (365 nm) after 120 cycles
and 3.37 eV (368 nm) after 300 cycles. The final bandgap value matches
that of bulk ZnO at room temperature [62].
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Figure 4.3. Tauc plots and obtained bandgaps for jeans fibers treated with 80, 120 and
300 TiOz infiltration cycles.
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Amorphous TiO:z is an indirect bandgap semiconductor, accordingly the y
factor is now taken as 2. The calculated bandgaps are 3.42 eV (363 nm)
after 80 infiltration cycles, 3.25 eV (381 nm) after 120 and 3.15 eV (394
nm) after 300. In this case, the last two bandgaps are within the margin of
error of the bandgaps measured for different phases of bulk TiO2, which is
usually taken as 3.2 eV for anatase [63].

In both cases, the bandgap of the fiber is effectively reduced by over 2 eV
after infiltration. This variation displaces the absorption of the fabrics well
into the UVA radiation region, so that they can block most UVR from
reaching the skin.

4.1.2. Ultraviolet Protection Factor (UPF)

The Ultraviolet Protection Factor (UPF) is a standard used to quantify the
effectiveness of photoprotective fabrics. It is similar to the Sun Protection
Factor (SPF), the standard used to measure the effectiveness of sunscreens.
The UPF of a cloth represents how much erythemally-weighted UVR is
transmitted through its fabric. In contrast to SPF measurements, which
only consider erythema caused by UVB radiation, UPF measures all
wavelengths of solar light transmitted through the clothing and applies
weighting constants to mathematically mimic SPF testing:

Y300 M Ey Sy A2

UPF =
Yoo mmEr Sy Ty A1

(4.1)

where Ej is the relative erythemal spectral effectiveness, a constant that
adjusts for the ability of each wavelength (A1) to generate cutaneous
erythema; Sy is the solar spectral irradiance, a constant that represents sun
intensity at each wavelength at 12 pm in Albuquerque, New Mexico [64];
T is the average measured spectral transmittance of the specimen and 42
is the measured wavelength interval. As shown in Figure 4.4, these
constants heavily weigh UPF toward the UVB range since this is the
radiation that primarily induces erythema in the skin.
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Figure 4.4. Solar spectral irradiance (Sa) and erythemal effectiveness function (Ey),
when multiplied give the weighted erythemal damage of UV radiation considered in the
ultraviolet protection factor (UPF).

UPF calculations also allow us to obtain the absorbance of the fabrics in the

UVB and UVA regions independently as:

Yisomm Ty AA
Y3 gosmm A4

Y0 Ty AL

400 nm
2315 nm A2

% UVB Blocking = 100 — (4.2)

% UV A Blocking = 100 — (4.3)
[tis important to note that UPF usually refers to a complete fabric or a piece
of clothing. In our case it has been calculated for the individual fibers that
form each thread in the fabric. Each thread is made out of tens of these
fibers and woven to create the fabric. Consequently, the repeated
overlapping of fibers multiplies their protective effectiveness.

The UPF and the UV-blocking percentages in the UVB and UVA regions of
jeans fibers before and after infiltration of ZnO or TiO2z are shown in Figure
4.5. The UPF of the untreated fiber is 1.3. This value increases linearly with
the number of ZnO infiltration cycles, to 1.7, 2.1, and 3.5 for 80, 120, and
300 cycles, respectively. In the case of TiO2 the increase is much more
pronounced at higher cycle numbers, increasing to 1.9, 2.5, and 9.3 for 80,
120, and 300 cycles, respectively.
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Figure 4.5. Ultraviolet protection factor (UPF) and UV-blocking percentages in the UVB
and UVA regions for jeans fibers before and after different infiltration cycles of ZnO and
TiOz.

The untreated fibers block 17% of the UVA and 27% of the UVB radiation.
The tendency of the increase of UVA-blocking is similar for both metal
oxides, reaching values of 27% and 23% after 80 cycles and of 42 and 50%
after 300 cycles of ZnO and TiOz, respectively. UVB-blocking, however, is
more effectively enhanced with the infiltration of TiO2 than of ZnO. The
fibers infiltrated with 80, 120 and 300 cycles of ZnO absorb 44, 56 and 75%
of the UVB radiation, while those infiltrated with TiO2 absorb 59, 71 and
97% of the UVB radiation with equivalent treatments. This difference
accounts for the divergence of the UPF of TiOz-infiltrated fabrics, making
them more efficient in blocking the erythema-inducing wavelengths of sun
radiation.

4.2. Self-Cleaning

Self-cleaning materials have the ability to remove dirt from their surfaces
without external human action. This is of great interest for the textile
industry, where this property can be applied to fabrics that are exposed to
harsh environmental conditions, like awnings or outside upholstery, which
are difficult to clean and replace. It is also applicable in situations where
cleanness and hygiene are crucial, like sheets, towels and uniforms used in
healthcare. Additionally, reducing the frequency with which fabrics need
to be washed both extends their longevity and avoids waste production
associated with washing. This can contribute to the reduction of the
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environmental impact, one of the greatest challenges that the textile
industry currently faces.

Self-cleaning activity can be achieved in two ways: i) using photocatalysis
to degrade stains from the fabrics under sunlight, or ii) making them
hydrophobic for enabling removal of dirt by the action of water droplets
rolling off the material surface. Therefore, to create self-cleaning fabrics it
is recommended to control the wettability of their surfaces as well as their
photocatalytic activity [34]. The wetting properties of fabric can be
modified using metal oxides. These metal oxides, which typically have high
surface energies, alter the fabric surface to enhance liquid repulsion.
Among various semiconducting metal oxides, ZnO and TiO2 are most used
as photocatalytic self-cleaning coatings due to their excellent
physicochemical properties, abundance, and biocompatibility [65].

4.2.1. Chemical Self-Cleaning: Photocatalysis

The decomposition of dirt, harmful microorganisms, and organic
pollutants by using photocatalysis is the main mechanism of chemical self-
cleaning. Photocatalytic materials utilize the energy from light, typically
ultraviolet (UV) or visible light, to accelerate chemical reactions that can
degrade pollutants. The proposed photocatalytic self-cleaning mechanism
of our hybrid organic-inorganic fabrics is schematized in Figure 4.6 and
described by Equations 4.4 to 4.9.

Zn0 and TiO2 absorb sun light radiation with an energy (hv) higher than
their bandgap energy level. This energy can photo-excite the electrons of
the valence band promoting them to the conduction band, which generates
electron-hole pairs of highly active electrons (e°) in the conduction band
and positive holes (h*) in the valence band. These pairs can react in three
possible pathways: recombination, photoreduction and photooxidation. In
recombination the electron-hole pairs quickly recombine on the surface or
in the bulk of the photocatalyst without any further reaction. In
photoreduction and photooxidation, the charge carriers react with
adsorbed water and atmospheric oxygen molecules generating reactive
oxygen species (ROS). Electrons diffuse to the surface of the photocatalyst
and reduce 02 generating superoxide radicals (0z’). Holes oxidize water
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molecules or adsorbed hydroxide ions forming hydroxyl radicals (‘OH).
These species are quite active and readily initiate redox reactions with the
organic contaminants in their surroundings breaking them down to
harmless compounds such as water and carbon dioxide [66], [67].
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Figure 4.6. Schematic diagram of the photocatalytic self-cleaning mechanism.
Based on [66].
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As seen from the UV-Visible spectra and the bandgap calculations, the
hybrid fibers absorb light in the UV and near visible regions. In order to
measure the photocatalytic activity of the treated textiles, we studied the
degradation of rhodamine B dye under simulated sunlight conditions.
Light was generated with a xenon lamp and an AM1.5G optical filter that
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recreates the standard solar spectrum at the Earth’s surface with
wavelengths between 300 and 1100 nm. Cut pieces of woven fabric of
2x2 cm? were immersed into 10 mL of 10-> M rhodamine B (RhB) aqueous
solution in glass vials. The vials were placed in an ice bath to avoid
variations in the concentration through heating and evaporation. Before
measuring, the solution was kept in the darkness for 2 hours to ensure an
adsorption-desorption equilibrium between RhB and the sample. A
solution of RhB without any submerged sample and a solution of RhB with
a pristine sample were measured as references. The degradation of RhB
was followed by measuring its UV-Visible absorption spectrum with a
NanoDrop 2000c spectrophotometer at regular time intervals for 5 hours.

Before measuring the photocatalytic activity, a darkness test, in which the
fabrics were submerged in RhB without any illumination, was carried out.
Jeans samples can reduce the concentration of organic dye without a light
source, both before and after treatment, meaning that other forms of
absorption or degradation simultaneously take place, probably a
consequence of unknown dying and other chemical processing of the
fabrics during manufacturing. Similarly, samples infiltrated with TiO2 also
show degradation in the darkness due to chlorine residues from TiCls
which boost the electrochemical degradation of RhB [68]. These
mechanisms are also present under illumination and cannot be
distinguished from photodegradation. Therefore, to ensure that the
degradation measured is only a consequence of the photocatalytic activity
introduced by the VPI treatment, the results presented in this section focus
on cotton samples infiltrated with ZnO.

4.2.1.1. Dependence on the number of cycles

The dependence of the photocatalytic activity on the number of cycles was
studied at a fixed process temperature of 100°C. According to first-order
kinetics, the photodegradation reaction rate k of RhB is given by the
following equation:

C
In— = —kt (4.10)
Co

where Co is the initial rhodamine B concentration and C is the RhB
concentration at a given irradiation time ¢ [69].
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The results obtained are plotted in Figure 4.7. The reduction of RhB
concentration when irradiating untreated cotton fabric is the same as
when irradiating the RhB solution, showing some low level of autocatalytic
decomposition of the dye over time. The reduction of RhB concentration
observed in contact with infiltrated samples is considerably higher and
results from the photocatalytic activity of the hybrid fabrics. The
photocatalytic activity increases with the number of infiltration cycles.
Samples treated with just 20 cycles of ZnO infiltration degraded over 65%
of the RhB in 5 hours, but samples treated with 100 and 300 cycles
degraded 80% and 85%, respectively. Finally, samples infiltrated with 500
cycles degraded around 90% of RhB in the same time.
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Figure 4.7. (a.) Relative concentration of RhB as a function of irradiation time,
(b.) fist-order kinetic analysis and (c.) photodegradation reaction rate (k) for cotton
samples treated with different numbers of ZnO infiltration cycles at 100°C.
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The percentage of degraded RhB increases with the number of cycles. This
is expected since the amount of photocatalytic material should also
increase. However, there are other factors that also affect the
photodegradation like the charge carrier diffusion length or the exposed
surface area, thus a higher amount of material does not necessarily directly
imply higher effectiveness. To obtain a better comparison between
samples, their photodegradation reaction rate can be obtained from the
fitting of the degradation curves following Equation 4.10. After 20 cycles
of ZnO infiltration, the reaction rate is of 3.64x10-3 min-1. After 100 cycles,
it reaches 5.34x10-3 min-1, increasing by 50% in just 80 cycles. The next
200 cycles (300 cycles in total) only cause an increase of 12% in the
photodegradation reaction rate, and the last 200 (500 cycles in total)
account for an increase of 21%. Therefore, an increase in the number of
infiltration cycles does not result in a proportionally higher
photodegradation reaction rate. In order to maximize the efficiency of the
processing of hybrid fibers, it is important to consider a compromise
between their photocatalytic activity and other parameters like the
duration of the infiltration process, its material and time consumption and
thus the cost.

4.2.1.2. Dependence on the process temperature

In order to study the effect of the temperature of the reactor during the
infiltration process, samples were prepared with a fixed number of cycles
of 300 by varying the process temperature from 60 to 140°C. The results
are shown in Figure 4.8. The reduction of RhB, and consequently the
photocatalytic activity, slightly increases with the temperature of the
process chamber from 60, where it degrades 82% of the dye after 5 hours
of irradiation, to 100°C, where it reaches its maximum at 85%. When the
process temperature is further increased, the photocatalytic activity
decreases: Samples infiltrated at 120°C degrade 78% and samples
infiltrated at 140°C degrade 72% of the RhB in the same irradiation time.
From the calculated reaction rates, the photocatalytic activity is not too
much dependent on the process temperature in the window between 60
and 100°C, where the reaction rates vary from 5.60 to 5.98x10-3 min-1. A
further increase of the process temperature negatively affects the
photocatalytic activity of the hybrid fabrics, reducing the reaction rate to
4.97x10-3 min1 at 120°C and 4.37x10-3 min-! at 140°C.
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Figure 4.8. (a.) Relative concentration of rhodamine B as a function of irradiation time,
(b.) first-order kinetic analysis and (c.) photodegradation reaction rate (k) for cotton
samples treated with 300 ZnO infiltration cycles at different process temperatures.

This maximum photodegradation efficiency at low temperatures around
100°C has been previously reported for ALD-grown ZnO both on silicon
substrates [70] and on collagen fibers in bactericidal applications [71],
although a commonly accepted explanation has not been found. There are
various characteristics of the structure of ZnO that can affect its
photocatalytic activity, including the crystallite size, the preferential
orientation, and the presence of defects being the most relevant ones. The
XRD diffraction patterns obtained from the cotton fabrics after 300 ZnO
infiltration cycles at different process temperatures and the structural
parameters obtained from them are shown in Figure 4.9.
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Figure 4.9. (a.) XRD patterns of cotton fabrics treated with 300 ZnO infiltration cycles at
different process temperatures, (b.) ZnO mean crystallite size and (c.) ratio of the
intensities of the (002) and (101) peaks as a function the process temperature.

Although the XRD diffraction patterns of the infiltrated ZnO at the different
process temperatures are very similar, some differences are found from a
closer analysis of their features. The mean crystallite sizes are related to
the position and width of the peaks and can be obtained by applying the
Debye-Scherrer formula (Equation 2.2). The mean crystallite size
decreases at process temperatures higher than 100°C, following a similar
trend as the photodegradation reaction rate. This tendency is in good
agreement with literature reports on ALD-grown ZnO [70], [72]. The
existence of crystallite boundaries affects the mobility of the charge
carriers, a larger crystallite size allows longer mean free paths of the
carriers, allowing stronger participation in the photoreactions and
enhancing the photocatalytic activity. This increase is limited once the
crystallite size exceeds the maximum diffusion length of charge carriers. In
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this case the carriers recombine before reaching the surface and do not
contribute to the photodegradation [73]. However, this saturated regime is
not reached in the studied hybrid fabrics.

The crystallographic orientation of the ZnO crystals can be determined
from the intensity of the triplet of diffraction peaks found between 30 and
40°, corresponding to the (100), (002) and (101) planes. The (002) plane
is a Zn-terminated polar plane with high surface energy, where polar
organic molecules like RhB preferentially adsorb. In contrast, the (100)
and (101) are non-polar planes with lower surface energy [73].
Consequently, the degradation of pollutants is more favorable on the (002)
surfaces and maximizing the (002)/(101) ratio increases the
photocatalytic efficiency. The infiltrated ZnO grows predominantly in the
(101) direction at all the process temperatures studied. However, the (002)
direction is also prevalent at lower temperatures, with intensities of 70-
77% that of the (101) peak. At temperatures above 100°C, this orientation
is less common, reducing the intensity of the peak to about 60%. This
tendency again matches that of the photodegradation reaction rate.

The presence of defects is related to deformations of the unit cell. Although
infiltrated ZnO has a compressed unit cell at all studied process
temperatures, no clear tendency relating deformation with the
photocatalytic activity of the hybrid fabrics has been found.

4.2.1.3. Durability of the photocatalytic activity

Finally, we tested whether the hybrid fabrics preserve their photocatalytic
activity and can be reused. This is a key feature since a progressive
reduction in the photocatalytic efficiency of self-cleaning fibers prepared
by wet-chemical methods such as dip coating [74], [75], [76], spin coating
[77], or liquid phase deposition [78] has previously been reported after
repetitive application. This decrease is attributed to the rather weak
physical bonding between fibers and metal oxides, as opposed to the
strong, chemical bonding that can be achieved through VPI. For this study,
a sample of cotton, infiltrated with 300 cycles of ZnO at 100°C, was
selected. The measurement of the RhB degradation was repeated 4 times,
allowing the sample to fully dry between each repetition. The results
obtained are shown in Figure 4.10. During the first 5 hours, 85% of the
RhB is degraded. The effectiveness of the degradation is slightly reduced in
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the following repetitions, to 75% during the second one, 73% during the
third one and 77% during the fourth one. The stabilization of this
magnitude after the first measurement shows that the infiltrated fabrics
maintain their photocatalytic self-cleaning activity. This also confirms the
quality of the chemical bonding between cotton and ZnO and makes the
resulting self-cleaning hybrid textiles repeatedly usable.
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Figure 4.10. Relative concentration of RhB as a function of irradiation time. Repetitive
measurement of a cotton sample treated with 300 ZnO infiltration cycles at 100°C.

4.2.2. Physical Self-Cleaning: Hydrophobicity

The fundamental principle of physical hydrophobic self-cleaning
technology is the elimination of dirt particles from the surface by uptake
and removal with droplets of water. In the case of hydrophobic surfaces,
the water droplets roll off the surface quickly due to their water repellent
and low adhesive properties, picking up and removing contaminants and
dirt from the surface as they advance. This hydrophobic self-cleaning
mechanism is schematized in Figure 4.11.

4\

Figure 4.11. Schematic diagram of the hydrophobic self-cleaning mechanism.
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The most well-known example of a naturally self-cleaning
superhydrophobic surface is the lotus leaf, which is rough and shows a
hierarchical structure overlay of micro and nanostructures with a thin
surface layer of wax, resulting in excellent water repulsion [79].

To study the hydrophobicity of the treated textiles, we measured their
water contact angle and water absorption capacity. The untreated raw
cotton woven fabric had a superhydrophobic surface before any treatment.
The jeans fabric, in contrast, has a hydrophilic surface and absorbs water
droplets very rapidly. For this reason, the following discussion focuses on
the changes achieved in the wettability of jeans upon VPI treatment.

4.2.2.1. Contact angle

We measured the contact angle of 10 pL distilled water droplets on the
hybrid jeans surface. The results are shown in Figure 4.12. The contact
angle on the untreated jeans fabrics could not be measured since the water
droplets immediately spread and became absorbed by the fabric. After
treatment, the fabrics became superhydrophobic, with contact angles
between 120 and 130°, even after just 5 infiltration cycles of both metal
oxides. In the case of ZnO, the contact angle increased from 121° after 5
infiltration cycles to 126° after 80 cycles and stabilized around 126° for
higher cycle numbers. In the case of TiOz, the rise of the contact angle after
the first infiltration cycles was steeper, rising from 121° after 5 infiltration
cycles to 126° after 20 cycles. The contact angle had a minimum of 117°
around 100 infiltration cycles and stabilized around 124° after 140 cycles.
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Figure 4.12 Water contact angle as a function of the number of cycles for jeans

infiltrated with ZnO or TiOz and comparison of the time evolution of a milk drop on
pristine jeans and on jeans treated with 80 TiO: infiltration cycles.
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Besides the contact angle, another indicator of the self-cleaning capacity of
the hydrophobic fabrics is the time the droplets remain on the surface
without being absorbed. Figure 4.12 shows the difference between the
time evolution of a milk drop on untreated jeans and on jeans after 80 TiO2
infiltration cycles. A drop of milk (~90% water) was used instead of water
to increase the clarity of the images. The pristine fabric started absorbing
the drop after just 15 seconds. After 30 seconds most of the drop is
absorbed and after 50 seconds the milk is completely absorbed staining
the fabric. In the case of the hybrid fabric, the milk drop stays on top of the
surface forming a sphere with a low contact area, this shape does not
change during the 50 seconds. Similarly, water droplets stayed between a
minute and an hour without being absorbed on surfaces of all infiltrated
jeans.

4.2.2.2. Water absorption capacity

The measurements of water absorption capacities of the fabrics were
carried out according to ISO 62 [45]. 2x2 cm? samples were initially dried
at 60°C overnight. After measuring the dry mass of the samples, they were
immersed in 80 mL of distilled water and weighed with a high precision
balance at different time intervals. The water absorption capacity
coefficient, wac, was calculated according to the following equation:

meg — My
Wye = —— 4.11
o (411)
where mo corresponds to the initial dry mass of the sample and m: to the
measured mass at each time interval.

The obtained water absorption capacity coefficients are shown in Figure
4.13. Samples infiltrated with both ZnO and TiO2 absorb less water than
untreated samples. This difference is most noticeable during the first 5
minutes, when the treated samples float on the water surface while the
untreated samples sink immediately. During the first 30 seconds, the
pristine jeans fabric absorbs 1.5 times its own weight in water, while
treated samples needed between 4 or 5 minutes to do so. The hybrid
fabrics absorbed 60% less water than the untreated ones during the first
minute of immersion. During the following 12 minutes the water content
stabilized to 50% less than in the untreated fabrics. From this point, the

64



4.3. Antimicrobial activity -

water absorption of untreated fabrics decreased, reducing the difference
in absorption to 30% after 17 minutes of immersion. These values
remained constant during the following minutes of immersion.

Zn0 TiO,
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Figure 4.13. Water absorption capacity coefficient as a function of time of jeans treated
with 80 and 300 infiltration cycles of ZnO and TiOx.

The reduction of the water absorption coefficient is independent of the
metal oxide and the number of infiltration cycles, meaning that the
hydrophobicity of the fabrics is a consequence of the modification of the
surface of the polymers. Once it is covered, neither the extra amount of
material nor its chemistry play a role in changing the wettability of the
surface.

4.3. Antimicrobial activity

Textiles are often used as a barrier that protects our skin from harmful
agents from the environment. However, fibers can provide habitat to
microbes themselves by supporting the growth of bacteria and fungi. The
appearance of microbial growth on textiles can cause unpleasant odors,
physical irritation, infectious diseases and damaging and discoloration of
the fabrics [15]. Natural fibers, like cotton, are particularly susceptible to
microbial attacks, especially after fabric processing in which their
protective layers are removed since their molecular structure provides
readily accessible nutrients and energy sources for microbes [80].
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Antimicrobial textiles are fabrics designed to either kill microorganisms,
such as bacteria, fungi, and viruses, which is known as a biocidal
mechanism, or inhibit their growth, which is referred to as a biostatic
mechanism. Antimicrobial fabrics can also be classified as leaching type,
when the antimicrobial agent is released from the material into the
surrounding environment where it interacts with the microbes, or non-
leaching type, when the antimicrobial agent is bound to the material's
surface where it Kkills or inhibits microbes through direct contact.
Antimicrobial textiles have a wide variety of applications, but when it
comes to clothing, a biostatic, non-leaching type of fabric is preferred [81].
The combination of these two mechanisms is considered safer for direct
skin contact, as it helps to avoid adverse effects on human skin by
preserving its natural bacterial flora while maintaining long-term
antimicrobial activity.

The addition of metallic and metal oxide nanoparticles is a common
method for the fabrication of biostatic, non-leaching antimicrobial textiles.
However, the stabilization of the nanoparticles on the surface of cellulose-
based fabrics is still a challenge [81]. Alternatively, the strong chemical
bonds between the textile fibers and the metal oxide, achieved with VPI,
allow to obtain a durable functional textile. Here, we study both the
antibacterial and antifungal activity of the hybrid organic-inorganic
fabrics.

4.3.1. Antibacterial activity

The bacteriostatic activity of the hybrid fabrics was evaluated against the
bacterial strains Staphylococcus aureus (S. aureus, ATCC 35556) and
Escherichia coli (E. coli, ATCC 25922), the most common model organisms
for gram-positive (GRAM+) and gram-negative (GRAM-) bacteria,
respectively.

The attachment and proliferation of both bacteria strains on raw cotton
and jeans infiltrated with ZnO and TiO2 were evaluated following the
protocol described in Chapter 2 and using the corresponding pristine
fabric as positive control. Samples of 2x2 cm? were inoculated with 400uL
of a bacterial suspension of 5x105 colony-forming units per milliliter

66



4.3. Antimicrobial activity -

(CFUs/mL) and incubated at 37°C overnight. After incubation, the samples
were washed with phosphate buffered saline (PBS) to remove the bacteria
that could not adhere to the textile. Samples were then sonicated for 10
min in 10 mL of PBS to release the bacteria attached to the textile. This
solution is serially diluted, plated and incubated following the standard
plate count method to obtain the number of viable bacteria attached to the
sample (CFU). The antibacterial activity of the infiltrated fabrics, R, is
defined by the following equation:

R = log(CFUcontro1) — log(CFUSample) (4.12)

taking the pristine fabrics as control. According to ISO 22196 [82], a
material can be considered antimicrobial when it has an antibacterial
activity of R>2, corresponding to a bacterial reduction of >99%.

Both raw cotton and jeans permit bacterial attachment before infiltration.
On average, 3.1x10° CFUs of S. aureus and 8.3x107 CFUs of E. coli can attach
to the surface of raw cotton, and 2.0x10¢ CFUs of S. aureus and 2.7x106
CFUs of E. coli to the jeans surface. Following the precision of the plate
count method, the minimum amount of CFU that can be considered to be
correct is <2x103 CFUs, even when no colonies are seen on the plate.
Therefore, this limits the maximum antibacterial activity achievable to
3.19 for S. aureus and 4.61 for E. Coli in the case of cotton, and to 3.00 for S.
aureus and 3.13 for E. coli in the case of jeans. The antibacterial activity
values obtained are shown in Figure 4.14. Overall, all the hybrid fabrics
showed a reduction in bacterial attachment, although not all of them met
the required R>2 standard to be considered antimicrobial. Raw cotton
infiltrated with ZnO presented antimicrobial activity against both GRAM+
and GRAM- bacteria. Only the sample treated with 5 cycles shows a weaker
antibacterial activity and cannot sufficiently prevent the attachment of E.
coli. Raw cotton treated with TiOz needed 40 infiltration cycles to prevent
the attachment of S. aureus and cannot be considered bacteriostatic against
E. coli with the antibacterial activity being between 1 and 1.5,
corresponding to a bacterial reduction of between 90 and 97%. Jeans
infiltrated with both ZnO and TiO2 showed no attachment of either of the
bacteria, reaching the maximum achievable antibacterial activity in all
cases. Only the samples treated with 5 ZnO infiltration cycles allowed some
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bacterial attachment, but they can still be considered antimicrobial with
an antibacterial activity of R>2 against both bacterial strains.
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Figure 4.14. Antibacterial activity of cotton and jeans fabrics treated with different
infiltration cycles of ZnO and TiOz against S. aureus and E. coli. The blue dotted line
marks the R=2 threshold.

Cotton infiltrated with ZnO showed better rejection of the bacteria than
that with the equivalent cycle number of TiOz-infiltration, especially
against E. coli. Jeans infiltrated with both ZnO and TiO2 showed an almost
perfect antibacterial activity, superior to that of their cotton counterparts.
We can conclude that antimicrobial activity can be achieved in textiles by
VPI, however, the original fabric plays a critical role in the effectiveness of
the resulting hybrid. This effect probably comes from the influence of the
surface morphology on bacterial adhesion. The surface of the textiles
should be covered with metal oxide, prohibiting direct interaction with the
bacteria. However, due to the characteristic conformality of the coating, the
original morphology is preserved and can affect bacterial adhesion.
Generally, bacteria adhere to rough surfaces, with features comparable to
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the bacteria in size, better than to smooth ones. They tend to preferentially
attach along creases rather than to uniformly cover the surface [83].
Additionally, the pretreatment of the jeans fabric during manufacturing
can reduce or fully eliminate the indigenous proteins of cotton threads, still
present in raw cotton, which support bacterial adherence, further reducing
the bacterial attachment [84].

The hybrid cotton fabrics show higher antibacterial activity against S.
aureus than against E. coli. The bacteriostatic activity of metal oxides relies
on damaging the cell membranes of the bacteria through direct contact
with metal ions and surface features, producing physical stress and
electrostatic interactions. Although the cell walls of GRAM+ bacteria have
a thicker peptidoglycan layer than GRAM- bacteria, it is directly accessible
and more susceptible. GRAM- bacteria have an outer membrane that acts
as a barrier, protecting this layer and making them more resistant to
antibacterial methods and antibiotics than GRAM+ bacteria [85].

It is important to note that the reactive oxygen species (ROS) produced
through photocatalysis can also damage the cell walls of bacteria,
contributing to the antibacterial activity of the textiles. Since the
incubation of the samples was carried out in darkness, this is not the case
in the presented results. They would, however, be involved if the fabrics
were exposed to solar light or artificial UV irradiation, adding to the
antibacterial activity of the hybrid fabrics.

4.3.1.1. Anti-odor activity

Human sweat is almost entirely odorless by itself. However, bacteria on the
human skin can metabolize it, producing volatile organic compounds that
cause body odor. Some of the most common skin bacteria involved in this
process are the members of the Corynebacterium species, mostly
associated with axillary odor [86].

In order to study the effectiveness of the hybrid fabrics in the reduction of
body odors, we studied their bacteriostatic activity against
Corynebacterium striatum (C. striatum) following the previously described
protocol. C. striatum is a GRAM+ bacterium, known to be a significant
contributor to body odor. It can also lead to infections and is becoming
resistant to many antibiotics [87].
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Both raw cotton and jeans permit bacterial attachment before infiltration.
On average, 1.7x106 CFUs of C. striatum can attach to the surface of raw
cotton, and 1.4x10¢ CFUs to jeans. Cotton and jeans fabrics treated with 80
and 300 infiltration cycles of ZnO and TiO2 were tested, all of them showing
the maximum possible reduction of bacteria, with no bacteria attached to
the surface and an antibacterial activity of R>2.8. Therefore, the hybrid
fabrics prepared via VPI present a satisfactory capacity to prevent body
odor.

4.3.2. Antifungal activity

Aspergillus nidulans (A. nidulans) was selected as the exemplary fungus for
our anti-fungal experiments. A. nidulans is a saprophytic filamentous
fungus that can be found virtually everywhere due to its simple nutritional
requirements and rapid growth. Although it is usually harmless, it can
cause opportunistic infections in humans. It can also degrade cellulose,
causing weakening, discoloration, and even complete disintegration of
fabrics [88].

The antifungal activity of the hybrid fabrics was evaluated against
A. nidulans by analyzing their ability to inhibit polar extension of actively
growing hyphae and to hinder spore germination separately, following the
protocols detailed in Chapter 2. Quantification of the growth was
performed visually, by comparing the fungal growth and hyphal extension
observed on the prepared hybrid fabrics to those observed on pristine
ones. No reports on the antifungal activity of TiO2 without the involvement
of photocatalytic activity were found in literature, whereas ZnO
nanoparticles have been introduced as promising antifungal agents [89].
Therefore, these experiments focused on the evaluation of fabrics
infiltrated with 300 cycles of ZnO.

To study the inhibition of the polar extension of growing A. nidulans’
hyphae, fabric samples of 1x1 cm?2 were distributed radially on a minimal
culture medium (MMA) plate, equally distanced from its center, and
asexual spores (conidia) were point inoculated at the center. The plates
were incubated at 37°C for 24 hours until the periphery of the growing
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colony approached the samples. The results obtained are shown in Figure
4.15.

Blank ZnO 300 cycles Blank ZnO 300 cycles

Figure 4.15. Inhibition of the polar extension of A. nidulans’ hyphae for cotton and jeans
before and after 300 cycles of ZnO infiltration.

Both raw cotton and jeans permitted the extension of the hyphae before
infiltration, the fungus grew on top of the fabrics, covering them without
impediments. Moreover, pristine raw cotton seems to have hosted a
dormant microbial species which activated during the incubation,
expanding to the medium and forming pink colonies that compete with A.
nidulans. This species could not be identified but seems to be a biofilm-
producing bacterium. It was effectively eliminated during the infiltration
process due to the prolonged exposure to a higher temperature.

The polar extension of the hyphae was observed on the fabrics infiltrated
with ZnO, especially the raw cotton. The growth of the hyphae appeared to
be slowed down when reaching the ZnO-infiltrated jeans, however the
fungi still grew on top of the fabric. In any case, the result of this test was
unsatisfactory as the extension of the fungi appeared to be unaffected by
the hybrid fabrics.

Once a fungus is growing as hyphae it becomes more difficult to stop due
to its continuous branching and adaptability to harsh conditions, such as
lack of nutrients [90]. Inhibiting hyphal growth requires interfering with
these ongoing cellular processes, which can be more problematic than
targeting a single, discrete germination event.

To study the inhibition of spore germination, conidia of A. nidulans were
collected from 72-hour old cultures, washed and quantified. 10> conidia
were diluted in liquid MMA and spread onto MMA plates containing the
1x1 cm? fabric samples. The plates were incubated at 37°C for 48 hours
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until a mycelium was formed. The results obtained are shown in Figure
4.16.

Blank ZnO 300 cycles Blank ZnO 300 cycles
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Figure 4.16. Inhibition of the spore germination of A. nidulans on cotton and jeans
before and after 300 cycles of ZnO infiltration.

Both the pristine raw cotton and jeans appeared significantly covered by
fungal growth, confirming that the untreated fabrics have no effect on
spore germination. The surfaces of both ZnO-infiltrated fabrics showed no
growth, indicating full inhibition of the germination of A. nidulans spores.
The area of inhibition was reduced to the surface of the samples and the
growth of the spores in the area around them was not appreciably affected.
This is an indicator of the non-leaching nature of the antifungal activity of
the hybrid fabrics, which is preferable in textiles that are in direct contact
with human skin.

In conclusion, the prepared hybrid fabrics show partial antifungal activity,
being able to inhibit the spore germination of A. nidulans but not its hyphal
growth. While both cases are important targets for controlling fungal
growth, stopping spore germination is key in preserving the integrity and
hygiene of fabrics and preventing initial infections.

4.4. Flame retardancy

The development of protective clothing is an increasingly important area
in advanced textile engineering. Protective textiles are designed to shield
humans from injury or even death caused by natural or industrial hazards,
or in the vicinity of hazardous environments. Among the various types of
protective textiles, fire protection remains one of the most critical and
extensively studied fields.
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Natural fibers, cotton in particular, are highly combustible and tend to burn
easily and rapidly when exposed to an ignition source. Various
biomolecules have been explored in the development of fire-retardant and
fire-resistant textiles. However, achieving a self-extinguishing effect
typically requires high loadings of these compounds, which negatively
impacts the physical and chemical properties of the fabric [91].

Metal oxides have been proposed as an alternative, as they exhibit
promising flame-retardant effects at much lower concentrations. Both ZnO
and TiO, contribute to flame retardancy by acting as heat barriers. As
thermally stable inorganic materials, they form an insulating layer on the
fiber surface, reducing the transfer of heat, fuel, and oxygen between the
flame and the fibers [92]. This results in a lower combustion rate and
intensity and suppressed smoke production.

The fire resistance of the hybrid fabrics was evaluated by analyzing their
combustion behavior in open air. 2.5x5 cm? samples were placed on a
metal holder and secured with a magnet, leaving 1 cm of the fabric
suspended. One of the suspended corners of the sample was exposed to the
flame of a standard lighter until ignition occurred. Fire was allowed to burn
either until its extinction or until 4 cm of the sample were burned. Time to
ignition, burning duration, char formation, and smoke production were
compared visually to those of the pristine fabrics.

The results obtained for raw cotton before and after infiltration are shown
in Figure 4.17. Untreated cotton ignited immediately upon exposure to the
flame. The fire progressed steadily, fully consuming the fabric and reaching
the 4 cm mark in less than two minutes. Noticeable smoke was produced
during the combustion of the fabric. In the case of ZnO-infiltration, the
fabric still ignited quickly upon exposure to the flame, but it self-
extinguished fast, within 26 seconds (80 infiltration cycles) and 13 seconds
(300 infiltration cycles). The flame affected a considerably smaller area of
the fabric, which is not consumed but developed a charred outline around
the impacted zone instead. No visible smoke was produced during
combustion. In the case of TiOz-infiltration, the fabric ignited rapidly upon
exposure to the flame. However, it self-extinguished faster than the ZnO-
infiltrated sample, within 16 seconds (80 infiltration cycles) and 8 seconds
(300 infiltration cycles). In this case, although the flame-affected area was
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reduced, visible damage was still present. The fabric was partially
consumed by the fire and the remaining material appeared scorched. No
visible smoke was produced during combustion.

Blank

ZnO

Figure 4.17. Flammability tests of cotton before and after 80 and 300 infiltration cycles
of ZnO and TiOz. The time t corresponds to the burning duration until
self-extinguishment of the flame or until 4 cm of the sample were burned.

The results obtained for jeans are shown in Figure 4.18. Untreated jeans
ignited quickly upon exposure to the flame. A large, visible flame formed
and spread through the fabric, visibly scorching the material. The textile
curled, turned black, and produced a significant amount of smoke during
combustion. The fire self-extinguished after 106 seconds, affecting
approximately 1 cm of the sample. After infiltration with both ZnO and
TiOz, the fabric required a longer exposure time to the flame for ignition to

74



4.4. Flame retardancy *-*

occur. In all cases, self-extinguishment took place promptly after the
ignition source was removed, with no observable flame propagation. Only
the exposed edge of the sample showed slight curling and blackening,
following the same burn pattern observed in the pristine fabric. Smoke
production was significantly reduced, with little to no visible smoke
detected.

Blank

Zn0O

t=1s
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Figure 4.18. Flammability tests of jeans before and after 80 and 300 infiltration cycles
of ZnO and TiO2. The time ¢ corresponds to the burning duration until
self-extinguishment of the flame.

The hybrid textiles prepared with both ZnO and TiO2 show a significant
flame-retardance performance, reducing the burning time in the case of
raw cotton and eliminating it in the case of jeans. In the case of cotton, the
hybrid fabrics catch fire upon exposure to the flame, but self-extinguish
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after seconds. In the case of ZnO, the burn duration is longer, but the
affected material is better preserved, while in the case of TiO2 the burn
duration is shorter, but the affected material is partially consumed and
scorched by the fire. In the case of jeans, the time to ignition is significantly
reduced and self-extinguishment occurs promptly after removal of the
ignition source. Only the very edge of the fabric is damaged after fire
exposure. In all cases smoke production is significantly reduced.

4.5. Resistance to laundering

An important matter in multifunctional fabrics is the resistance of the
treatment and the durability of the functionalities achieved, as they need
to withstand regular washing without deteriorating. Indeed, one of the
most common and limiting drawbacks of treated fabrics by methods like
sol-gel processing and wet treatments is that they cannot be wetted
without damaging the treatment, consequently reducing the potential
applicability of their functionalities [66]. The strong chemical bonds and
the gradient formed between the textile fibers and the metal oxide
achieved with VPI should lead to washable and long-lasting
multifunctional textiles.

To ensure the durability of the hybrid organic-inorganic fabrics prepared
via VPI, we analyzed their UV-blocking and antibacterial properties after
being washed in a regular washing machine 10 times following
conventional laundering programs with and without soap. UV protection
was measured on the interior fibers while the bacteriostatic activity
directly depends on the surface of the fabrics. By confirming the
preservation of these two functionalities, we validated the resistance of the
infiltration to laundering and expect it to be applicable to other
functionalities as well.

4.5.1. Resistance of the UV-protective properties

We measured the UV-Visible absorption of the fibers after being washed,
calculated their UV-blocking percentages in the UVB and UVA regions and
compared them to the values measured before laundering. Jeans samples
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infiltrated with 80 and 300 cycles, either ZnO or TiO2, were analyzed. The
comparison of the UV-Visible absorption spectra measured before and
after 10 washing cycles are shown in Figure 4.19.
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Figure 4.19. UV-Visible absorption spectra of jeans fibers, infiltrated with 80 and 300
cycles of ZnO and TiOz, before and after 10 conventional washing processes.

For all samples, the extension of the absorption into the UVA wavelengths
after infiltration was preserved also after washing and the values of their
bandgaps were consequently maintained. Slight deviations between the
spectra are due to the statistical deviation of the measurement of different
fibers. From these spectra, we can see that the UV-blocking capacity of the
fibers is preserved upon laundry.
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Figure 4.20. UV-blocking percentages in the UVA and UVB regions for jeans fibers
infiltrated with 80 and 300 cycles of ZnO and TiOz, before and after 10 conventional
washing processes.
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To analyze their effectiveness in preventing erythema more precisely, the
UV-blocking percentages in the UVB and UVA regions before and after
washing were calculated and are shown in Figure 4.20. The infiltrated
fibers show very similar absorption percentages of both UVB and UVA
radiation after being washed. The hybrid fabrics keep absorbing erythema-
inducing UVR after washing and protecting skin from damage.

4.5.2. Resistance of the antibacterial properties

The bacteriostatic activity of the hybrid fabrics infiltrated with 80 cycles of
ZnO and TiO2 was evaluated against S. aureus and E. coli before and after
being washed 10 times, with and without soap. The attachment and
proliferation of both bacteria strains were evaluated as described in
Section 4.3.1, using the corresponding pristine fabric as positive control.
The results obtained are shown in Figure 4.21.

Both raw cotton and jeans infiltrated with ZnO maintained their
antibacterial activity after being washed with water and with water and
soap. Raw cotton infiltrated with TiO2 originally presented a bacteriostatic
activity of R>2 only against S. aureus, which was preserved after washing
in both studied conditions. The only hybrid fabric that had its antibacterial
activity affected by the laundering processes was jeans infiltrated with
TiO2. S. aureus could attach to the fabrics after being washed with water,
but not after being washed with water and soap, while E. coli could attach
after both laundering processes. The washing processes damaged the TiO2
coating on the surface of the jeans and reduced its efficiency, either by
removing inorganic material or by modifying its morphology. The results
obtained for S. aureus can be explained by the surfactant behavior of the
soap molecules, which can form a barrier reducing the interaction between
the TiO2 coating and water. This protection, however, is not enough to
maintain the antibacterial activity against E. coli, which has a more
resistant outer layer that is not sufficiently affected by the TiO2 coating
remaining after the washing processes.
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Figure 4.21. Antibacterial activity against S. aureus and E. coli of cotton and jeans fabrics
treated with 80 infiltration cycles of ZnO and TiO2 before and after 10 conventional
washing processes with and without soap. The blue dotted line marks the R=2 threshold.

4.6. Conclusions

We have studied the functionalities induced by the treatment of cotton and
jeans with ZnO and TiO2 through Vapor Phase Infiltration, focusing on the
properties of relevance for the textile industry. A summary of the
functionalities achieved is given in Table 4.1.

To study the enhancement of the photoprotective function of the hybrid
textiles against ultraviolet radiation, their UV-Visible absorption spectra
were measured. The bandgaps and their dependence on the number of
infiltration cycles were obtained, as well as the Ultraviolet Protection
Factor and UVB and UVA blocking percentages. All samples presented an
extension of the absorption into the UVA wavelengths, reaching the
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characteristic bandgaps of bulk ZnO and TiOz. The calculated UPF of the
hybrids was higher for infiltration with TiO2 than with ZnO. This difference
came from the higher efficiency in blocking erythema-inducing radiation
in the UVB region of jeans infiltrated with TiOx.

Fabric Cotton Jeans
Oxide Zn0O TiO2 Zn0 TiO2
UV protection - - v v
; Photocatalysis v - - -
Self-Cleaning —
Hydrophobicity - - v v
S. aureus v v v
Antibacterial E. coli v X v v
activity C. striatum
(Anti-odor) v v v v
; Spore ) _
Antifungal germination v v
activity
Hyphal growth X - X -
Flame retardancy v v v v
_ UV protection - - v v
Re5|stan<_:e E S. aureus v v v xXiv
laundering
E. coli v - v X

Table 4.1. Summary of the studied functionalities. Functionalities achieved are marked
with v, functionalities not achieved are marked with X and functionalities not measured
or already present in the pristine fabrics are marked with -.

To investigate the self-cleaning activity, its chemical and physical aspects
were studied separately. The photocatalytic activity of raw cotton fabrics
infiltrated with ZnO was studied through measurements of the
photodegradation of rhodamine B under simulated solar light. The
photodegradation reaction rate increased with the number of infiltration
cycles and process temperature, reaching a maximum at 100°C. The hybrid
fabrics preserved their photocatalytic activity and did not lose efficiency
after repeated use. In order to study the hydrophobicity of the treated
textiles, the water contact angle and water absorption capacity of
infiltrated jeans were measured. After treatment, the fabrics became
superhydrophobic, with contact angles between 120 and 130°. Liquid
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drops could remain atop the surface without being absorbed for up to an
hour. The water absorption coefficient was significantly reduced,
especially during the first minutes of immersion. This change was
independent of the metal oxide and the number of infiltration cycles.

The antimicrobial properties of the infiltrated fabrics were proven against
bacteria and fungi. The bacteriostatic activity was tested against
Staphylococcus aureus and Escherichia coli, model strains of GRAM+ and
GRAM- bacteria, respectively. In the case of cotton, samples infiltrated with
a minimum of 20 cycles of ZnO repelled S. aureus and E. coli. Infiltration
with TiO2 was not effective in hindering the attachment of E. coli and
needed 40 cycles to repel S. aureus. In the case of jeans, the maximum
possible antibacterial activity against both bacteria strains was obtained
for all analyzed samples. The differences in antibacterial activity are
attributed to the different surface roughness of the fabrics and the more
resistant cell wall of GRAM- bacteria. Additional tests against
Corynebacterium striatum, a bacteria responsible for body odor, were
carried out obtaining the maximum possible antibacterial activity in each
case studied. The antifungal activity of ZnO-infiltrated fabrics was analyzed
by observing the inhibition capability of the textiles against polar
extension of actively growing hyphae and spore germination of the model
filamentous fungus Aspergillus nidulans. The studied hybrid fabrics
showed partial antifungal activity, inhibiting spore germination of A.
nidulans but not its hyphal growth.

Regarding the achieved fire resistance, hybrid textiles, infiltrated with both
ZnO and TiO2, showed a considerable flame-retardant performance.
Compared to pristine fabrics, they exhibited slower ignition, shorter
burning times, and a marked reduction in fire-induced damage to the
textile structure. Additionally, smoke production during combustion was
significantly suppressed, contributing to an overall safer fire behavior.

To ensure the durability of the hybrid fabrics prepared via VPI, the
UV-blocking and antibacterial assessments were repeated after being
washed using conventional laundering programs with and without soap.
The extension of the absorption into the UVA wavelengths obtained with
the infiltration was preserved after washing and the washed hybrid fabrics
kept efficiently absorbing erythema-inducing UVR. Both raw cotton and
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jeans infiltrated with ZnO maintained an optimal antibacterial activity,
while the effectiveness of TiO: infiltration was dependent on the use of
soap and the bacteria strain.

The combination of the measured properties confirms infiltration of metal
oxides into cotton-based fabrics by VPI as a tool to achieve multiple
functionalization. Properties with great relevance for the textile industry,
including UV protection, self-cleaning activity, increased hydrophobicity,
repellence of microbes and odors, and flame retardancy, have been
incorporated into the fabrics with just one treatment. The durability of the
obtained properties has been tested after washing of the fabrics with water
and soap. Functionalities depending on surface modification can be
affected by washing, while those depending on the infiltrated material are
retained.
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Human perception of the multifunctional
organic-inorganic hybrid textiles

In this part of the thesis, cotton-based fabrics have been infiltrated with
metal oxides using VPI with the objective of achieving multiple
functionalization. Properties with great relevance for the textile industry,
including increased hydrophobicity, repellence of microbes and odors, self-
cleaning activity, and UV-blocking, have been incorporated into the fabrics
with a single treatment. The obtained properties were retained even after
washing of the fabrics with water and soap.

This chapter evaluates the human visual and tactile perception of the fabric
after functionalization with varying amounts of metal oxide infiltration.
The goal is to identify the threshold of a perceived difference.

For analyzing the visual perception, color measurements were taken
before and after the treatment of the fabrics and the differences were
quantified using the CIELAB color space.

For analyzing the tactile perception, fingertip friction and movement
measurements were combined with a perceptional task with volunteer
participants identifying which sample feels different. The later task is
generally known as Odd Sample Out methodology. This work was carried
out during a research stay at the Interactive Surfaces research group of the
Leibniz Institute for New Materials (INM) in Saarbriicken, Germany, under
the supervision of Prof. Dr. Roland Bennewitz from June to September
2024.
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The combination of both studies allows us to identify the optimal amount
of each metal oxide infiltrated needed to obtain new functionalities while
preserving the appearance and feel of the original textiles.

5.1. Visual perception

In most textile applications, visual appearance is essential. Consequently,
maintaining the original aesthetics of infiltrated textiles is important when
looking for functional, ready-to-use materials. Humans are highly sensitive
to color differences so, considering VPI the last step of the manufacturing
process, we must ensure that the color of the textiles remains unchanged
after infiltration, as any alteration can be easily noticed and understood as
a defect. Additionally, unexpected color changes can suggest damaging
treatment processes, indicating degradation of fibers or dyes. By
preserving the original color, the integrity of the textile is better
guaranteed.

5.1.1. Methodology
5.1.1.1. The CIELAB color space

Colors are an objective physical property of matter; however, they become
subjective when perceived and described by the human brain. Precise
communication of the colors that we see and want to reproduce requires a
numerical system with standardized color definition and universal
measurement protocols.

Scientists have defined hue, saturation, and lightness as the three basic
dimensions of color characterization [93].

e Hue is what we perceive as the color itself and is determined by the
dominant wavelength of light reflected or emitted by an object (i.e.:
red, green, blue, yellow). Pure white, neutral gray, and black do not
possess hue.

e Saturation describes the purity or intensity of a color in relation to
neutral gray. When the color (hue) becomes more saturated, it
becomes less gray.
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e Lightness describes the relative brightness of a color. It is an
achromatic value, meaning that the associated value gives only
information about how light or dark the color is and not its hue.

- T
T Trrrr
- >+

.~ 111

Figure 5.1. Graphical representation of the three basic dimensions of color.

When these properties are assigned numeric values, they become
coordinates that represent all colors in a theoretical 3D sphere or color
space. One axis characterizes lightness separately, while the other two
form a chromatic plane where numeric coordinates define the specific
color.

The International Commission on I[llumination (CIE: Commission
Internationale d’Eclairage) proposes various mathematical models to
numerically describe all color visible to the human eye in an absolute and
unambiguous way. The CIELAB system, published in 1976, has become the
universally accepted reference system for quantifying and communicating
color. It is based on the Opponent Process Theory, which states that the
brain perceives color stimuli through three independent receptor types
which have opposing pairs: white and black, blue, and yellow, and red and
green. Following this theory, the CIELAB color system is a three-
dimensional model with the following axes:

e The chromatic axis a* which ranges from green (-a*) to red (+a*).
e The chromatic axis b* which ranges from blue (-b*) to yellow (+b*).

e The lightness axis L* which ranges from pure black (L* = 0) to white
(L*=100).
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The point at which the a* and b* axes cross at the L* value of 50 is neutral
gray.

White

Black

Figure 5.2. 2D and 3D representations of the CIELAB color space.
Adapted from [94] and [95].

In practice, it is rarely possible to reproduce the color of a product with
complete fidelity. Slight differences in color exist even when the human eye
cannot perceive them. Using these coordinates in the color space, color
differences can be computed as the relative distance between two points.
This difference is typically expressed as:

AE:, = AL + Aa*? + Ab*? (5.1)

However, the human eye does not perceive differences in hue, saturation,
and luminosity equally; variations in hue are the first to be detected,
followed by variations in saturation and lastly, variations in luminosity.
This means that a color difference of a fixed value AE"a» can be perceived
differently depending on the zone of the color space where it is found.

To correlate with the non-uniformities of human perception, different
formulas to calculate color differences have been proposed [96], [97]: The
CMC formula includes the empirically evaluated correction factors Si, Sc
and Sw, hyperbolic functions that weight each contribution depending on
the luminosity (L*), saturation (chroma, C*) and hue (H*) of the colors:

c* =az+ b2 (5.2)
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*

b
H* = tan 11— (5.3)

*

eme = I\1s, cSe Sy '
Where the parameters [ and ¢ can be chosen by the user. In the textile

industry, the CMC (2:1) combination is widely used, setting /=2 and c = 1,
which reduces the impact of the changes in luminosity.

Following a similar approach, the CIE has proposed various modifications
to the original formula, with CIE2000 (Equation 5.5) being the most
recent and precise one. This formula includes a mixt term, called the
rotational term, which considers that the human-perceived saturation of a
color can be hue-dependent.

JE — (AL* )2+(AC* )Z_I_(AH* )2+R (AC*)(AH*) 55)
00 \k, S, ke Sc ky Sy T"\ke Sc/ \ky Sy '

The thresholds of appreciation and acceptability are not fixed and must

always be confirmed by visual perception. As a general rule, a color

difference between 3 and 5 is taken as the upper limit for acceptable

repeatability and consistency, although color differences might be detected
under closer inspection.

5.1.1.2. Equipment and measurement conditions

Color measurements were done using a Konica Minolta CM-17d
spectrophotometer in reflectance mode with a wavelength range from 400
to 700 nm. Standard settings for color evaluation were chosen, mimicking
how the human eye perceives color: The measurement geometry for
diffuse and directional illumination was set to 8° and the aperture size was
set to SAV (Small Area View, 3 mm), meaning that the device measured a
circular area of 3 mm in diameter. Both the included (SCI) and excluded
(SCE) specular components were measured. SCI includes both specular
and diffuse reflections, giving an accurate measurement of color
independent of the surface finish, while SCE excludes specular reflections,
giving a more accurate measurement of the color appearance of the
textured samples under normal lighting conditions [98].
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5.1.1.3. Sample set

Samples of 5x5 cm? of raw woven cotton and jeans were measured before
and after infiltration to analyze how the process affects their visual
appearance. Each sample was measured in triplicate. Both types of fabrics
were infiltrated with zinc oxide (Zn0O) and titanium dioxide (TiO2)
following the standardized conditions in this thesis. Samples were
processed in a PLAY reactor from CTECHnano, suspended in the chamber
in a way that allows both sides of the fabric to be exposed to the precursors.
DEZ was used as the zinc source and TiCls as the titanium source, both
combined with purified water (H20) as the counter precursor. All
precursors were kept at room temperature. The processing temperature
was 60°C for ZnO and 100°C for TiO: infiltration. N2 was used as a carrier
gas with a constant flow of 20 sccm. Each VPI half-cycle consisted of 40 ms
of precursor dosing, 40 s of exposure and 60 s of purge. The cycle was
repeated 5, 20, 40, 80 and 300 times for each metal oxide and fabric type.
Samples are labeled C or ] for cotton or jeans respectively, followed by the
metal of the oxide infiltrated (7i or Zn) and the corresponding number of
cycles. For example, samples of raw cotton fabric treated with 20 cycles of
TiO2 will be labeled as CTi20.

5.1.2. Results and discussion

The collected CIELAB color space data can be converted into RGB format
to visualize each color. Figure 5.3 shows the measured colors for each type
of fabric and treatment. It is important to note that untreated cotton fabrics
present a range of natural color variations depending on the
manufacturing of each batch. This is the reason for the deviation in color
between the two ‘Blank’ samples. Consequently, the color variation
analysis of each of the treated samples is done taking their color before
treatment as a reference.
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Blank Zn5 Zn20 Zn40 Zn80 Zn300 Blank Ti5 Ti20 Ti40 Ti80 Ti300

SCI

SCE
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- [ N NN

Figure 5.3. Representation of the measured RGB colors for the included (SCI) and
excluded (SCE) specular components for each fabric and treatment.

To analyze the changes induced by the infiltration, each of the CIELAB color
space coordinates were analyzed separately. Figure 5.4 shows how each
of them varies with the infiltration of ZnO into cotton or jeans.

In both fabrics, a* decreases with infiltration, meaning that the color of the
treated samples shifts more towards green compared to the untreated
ones. In cotton, this shift is almost constant and never larger than 1. In
jeans, it increases with the number of cycles until it reaches a value of -1.4
at 300 cycles. In both cases the impact of this shift in the perceived color
can be considered neglectable.

b* shows different behavior in either fabric. In the treated cotton fabrics,
the color shifts towards blue. However, this change is below the unit for the
lower number of cycles and only becomes significant when increasing the
number of cycles to 300, where it reaches a value of -4.9. In the case of
jeans, the shift in color is towards yellow. The maximum change is seen at
40 cycles with an increase of 2.3, but the original value of b* is restored
after 300 cycles. The reason behind this change was not further
investigated due to the complex nature of the substrate.

L* remains constant in the case of cotton and never deviates more than a
unit from the original lightness of the fabric. In the case of jeans, however,
this is the coordinate that has the most considerable variation. It increases
to 2 for 40 and 80 cycles and to almost 12 for 300 cycles, meaning that
infiltration makes the color of the treated samples noticeably lighter than
it originally was.
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Figure 5.4. Variation of the CIELAB color space coordinates as a function of the number
of ZnO infiltration cycles in cotton and jeans.

To commensurate the impact of the changes in the color space coordinates
on the visual perception of the fabrics, we calculate the absolute color

differences using the CIE76, the CMC and the CIE2000 standards. These
differences are shown in Figure 5.5.
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Figure 5.5. Color differences calculated following the CIE76 (AE*a), CMC and CIE2000
standards, as a function of the number of ZnO infiltration cycles in cotton and jeans.

In the case of cotton, the difference between the colors of the untreated
and treated samples is around 1 for cycle numbers between 5 and 80,
which means that the colors are undistinguishable under visual inspection
according to the three standards used. When the number of cycles is
increased to 300, the color difference increases. It stays below 2 according
to the CMC and CIE2000 standards, but it reaches a value of 3.5 in CIE76.
We can consider the color of this sample to be distinguishable for a trained
eye or under close inspection of the fabric, but still within acceptable
consistency thresholds.

In the case of jeans, the distances between colors are greater. They only
stay below the unit for 5 cycles, making it the only undistinguishable
sample under visual perception. Between 20 and 80 cycles, they have
values of 2 to 3.5, meaning that the colors of these samples are
distinguishable under closer inspection, but the color deviations are
acceptable. Samples infiltrated with 300 cycles have color differences
exceeding 7 following the three standards. These samples are easily
distinguishable from the untreated ones, and their color is perceived as a
completely different one. Indeed, these conclusions are supported by
visual inspection of the samples as represented in Figure 5.3.

In the following, we analyze the color shifts caused by the infiltration of
TiO2 in cotton and jeans. The variations of each of the CIELAB color space
coordinates are shown in Figure 5.6.
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Figure 5.6. Variation of the CIELAB color space coordinates as a function of the number
of TiOz infiltration cycles in cotton and jeans.

In the case of cotton, a* steadily increases with infiltration, meaning that
the treated sample becomes redder than the untreated. This shift reaches
a maximum of 2 for 300 infiltration cycles. In jeans, samples treated with
5, 20, 40 and 300 cycles are redder than the untreated ones, while the
sample treated with 80 cycles is slightly greener. However, the total color
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shift is always smaller than a unit and its impact on the perceived color can
be considered neglectable.

b* significantly increases and the color shifts towards yellow for the lower
number of TiO:2 infiltration cycles into cotton. This shift is lower for 80
cycles and disappears, reverting to the original value of b* for 300 cycles.
In the case of jeans, the color shifts towards blue. However, the change in
the coordinate remains constant with the number of cycles and is never
greater than the unit, so we can conclude that there is no perceivable
change in the blue or yellow hue of the treated jeans samples.

The variations in L* follow the same tendencies in both cotton and jeans.
The value of L* increases and reaches a maximum variation of 3.5 for 80
infiltration cycles meaning that infiltration makes the color of the treated
samples lighter than it originally was. However, the original lightness of the
fabric is again restored after 300 infiltration cycles.

The absolute color differences according to the CIE76, CMC and CIE2000
standards, measuring the impact of the changes in the color on the visual
perception of the fabrics, are shown in Figure 5.7.

Cotton treated with TiO, Jeans treated with TiO-»
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Figure 5.7. Color differences calculated following the CIE76 (AE*a), CMC and CIE2000
standards as a function of the number of TiOz infiltration cycles in cotton and jeans.

In the case of cotton, the distance between the color of the untreated
samples and the treated ones is always less than 5. The color differences
are larger for the lower number of cycles when using the CIE76 standard.
In the case of the more precise CMC and CIE2000 standards, the color
differences are more consistent around the value of 3. Therefore, the color
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of these samples is distinguishable for a trained eye or under close
inspection of the fabric, but it is still acceptable within the repeatability
and consistency thresholds.

In the case of jeans, all three standards follow the same trend, showing the
maximum difference between colors at 80 cycles. This change is due to the
increase in lightness shown in the coordinate analysis. However, in all cases
the distance between the color of the untreated and the treated samples is
always below 3.5, meaning that the color of these samples is
distinguishable for a trained eye or under close inspection of the fabric, but
acceptable within the repeatability and consistency thresholds.

5.2. Tactile perception

Our skin is always in contact with textiles. Whether through the clothes we
wear, the furniture and vehicle seats we sit on, or the sheets and bandages
used in hospitals, we are always touching and experiencing fabrics, making
their tactile properties a key factor in comfort and functionality.
Consequently, maintaining the tactile feel of textiles after treatment is
essential. This study aims to understand whether humans can perceive
functionalized fabric through touch and, if so, to determine how they detect
functionalization and the minimum detectable amount of metal oxide.

5.2.1. Methodology
5.2.1.1. 0dd Sample Out methodology

The Odd Sample Out, Triangular or Triangle test is a sensory evaluation
methodology used to determine whether perceptible differences between
two samples exist. The method is applicable both if differences exist in a
single sensory attribute or in several attributes. This type of task is used in
most fast-moving consumer good companies as standard test method as it
is useful to evaluate overall differences and determine the effect of a
change in ingredients, packaging, processing, handling, or storage
conditions [99].
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In the task, participants are simultaneously presented with three samples,
two of which are identical, and one is different. The participants are asked
to identify the different sample. This is a “forced choice” method, where
participants are required to respond even if they feel no difference.
However, they can indicate a potentially random decision in a
complementary scoresheet [100]. Samples are presented in a random
order, following one of the six possible sequences:

AAB ABA BAA
BBA BAB ABB

Where A represents an original sample, and B represents a modified
sample.

Here, the probability of correctly identifying the sample by random choice
is of one third. The participants are allowed to reassess the samples as
many times as necessary before making their decision. Repetition of
choices by the same participant should be avoided whenever possible.

The optimum number of participants depends on the sensitivity required
for the test, as stated in Table A.3. of ISO 4120:2004 [100]. This is
determined by the following parameters:

e Alpha Risk (« Risk): risk of concluding that perceptible differences
exist between two samples when they are the same, or risk of a false
positive.

e Beta Risk (B Risk): risk of concluding that no perceptible differences
exist between two samples when they are different, or risk of a false
negative.

e Maximum allowable proportion of distinguishers (P4), maximum
number of participants able to perceive a difference between
samples tolerated.

The statistical test used for the analysis of the results is a one-tailed
binomial test and the interpretation is based on the minimum number of
correct answers required for significance [101]. Standards are fixed for
studies in which the objective is to prove that a perceptible difference
exists (Table A.1. of ISO 4120:2004) and when the objective is to prove that
there are no perceptible differences (Table A.2.). In this analysis alone, no
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magnitude or direction of the difference should be concluded from the
significance level or the probability.

5.2.1.2. Sample set

Both raw cotton and commercial jeans fabrics were infiltrated with ZnO
and TiOz2. Samples were processed in a PLAY reactor from CTECHnano,
suspended in the chamber in a way that allows both sides of the fabric to
be exposed to the precursors. DEZ was used as the zinc source and TiCls as
the titanium source, both combined with purified water (H20) as the
counter precursor. All precursors were kept at room temperature. The
processing temperature was set to 60°C for ZnO and 100°C for TiO2
infiltration. Three samples were treated simultaneously in each process.
For this study, the samples were cut to a size of 6x6 cm2. Since the surface
area of the samples was modified, the standardized conditions in this
thesis were adapted to ensure that they were fully and homogeneously
treated, and both the carrier gas flow and the precursor dose were
increased. N2 was used as a carrier gas with a constant flow of 40 sccm.
Each VPI half-cycle consisted of 200 ms of precursor dosing, 40 s of
exposure and 60 s of purge. Cycles were repeated 5, 10, 20, 40, 80, 100 and
300 times for each metal oxide and fabric type. This gives 14 different
treatments for each fabric type, 28 in total. Each treatment will only be
compared to the corresponding pristine fabric.

Samples are labeled with C or ] for cotton or jeans, respectively, followed
by the metal of the infiltrated oxide (Ti or Zn) and the corresponding
number of cycles. For example, samples of raw cotton fabric treated with
20 cycles of TiO2 will be labeled as CTi20.

5.2.1.3. 0dd Sample Out study

To investigate the perception of the infiltrated fabrics by touch, we
presented sample triplets to the participants, who were asked to explore
the samples in a circular motion of their dominant index fingertip. In each
triplet of samples, one or two samples were treated by infiltration and two
or one samples were kept pristine. The participants were allowed to
explore the samples for as long as they wanted and to change between
them as many times as needed. Afterwards the participants had to answer
the question:
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“Which sample feels different from the others?”

The participants were forced to choose one sample even if they felt no
differences. However, they were asked to state if the choice was random in
a complementary task sheet.

During the tactile exploration, the applied normal and friction forces were
measured with a 3-axis force sensor (K3D120 with GSV-8 amplifier,
ME-Messysteme, Germany). The position and velocity of the finger on the
sample were simultaneously measured with an infrared camera system
(V120: Trio, OptiTrack), synchronized with the force plate. To reproduce
the feel of fabric on skin, the textile samples were mounted on top of 5x5
cm? metallic sample holders filled with PDMS of 0-30 in the Shore
Hardness scale, mimicking the stiffness of thigh skin, and secured by metal
frames. During the experiment, participants were asked to wear noise
canceling headphones to avoid the influence of sound in their decisions. A
semi-opaque screen was placed between the participants and the samples
to avoid the influence of slight changes in appearance on their decision.

Before starting the experiment, participants were asked to wash their
hands. 10 minutes after, the fingertip skin moisture and viscoelasticity
were measured using a corneometer and a cutometer; respectively (CM825
and MPA580, Courage & Khazaka). The measurement of skin moisture was
repeated after they touched all the samples in the study.

Each participant was presented with 28 sample triplets divided into two
sets, one with 14 triplets of raw cotton and one with 14 triplets of jeans.
Each of these triplets had one or two untreated pieces of fabric and two or
one of each of the treatments in the sample set. The treated samples in each
triplet were always identical, never comparing different treatments. The
number of treated/untreated samples, the order of the triplets and the
order of the samples inside the triplets was randomized. After each
participant, the fabrics were removed from the holders and randomly
rearranged to avoid any possible differences induces by the PDMS in the
holders.

The experiment was conducted according to the local institutional ethical
guidelines and the Declaration of Helsinki, [102] except for the
preregistration requirement. Before any measurement, all participants
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were asked to sign a consent agreement to participate in the study and to
complete a questionnaire about age, gender, dominant hand, usage of
cream and experience in haptic studies. After the measurements, they were
asked to complete another questionnaire about the difficulty of the task
and the criteria used to identify the different samples.

5.2.1.4. Participants

In order to run this Odd Sample Out test with statistically significant risk
values, a group of 30 participants, 15 male and 15 female, was invited to
the study [103]. The only inclusion criterion used to select the participants
was the absence of sensory or movement impairments that could affect
their perception when touching surfaces. The participants had ages
ranging from 21 to 39 years with an average age of 27.83 and a standard
deviation of 3.81. Of the participants, 28 (93.33%) identified their right
hand as the dominant one, 2 (6.67%) chose their left hand. 19 participants
participated in a haptic study before while for 11 it was the first time; this
experience does not have a significant effect on the number of right
answers or on the perceived difficulty of the task. Participants took an
average of 34.6 minutes to complete the task and identified the different
sample correctly in a median of 13 sets out of 28.

5.2.1.5. Bending stiffness measurements

The bending stiffness of the fabrics was measured using samples cut to a
size of 15x15 cm?2. Since the surface area of the samples was modified, the
conditions were again adapted to ensure that they were fully and
homogeneously treated. N2 was used as a carrier gas with a constant flow
of 40 sccm. For the infiltration of TiO2 in both cotton and jeans, each VPI
half-cycle consisted of 300 ms of precursor dosing, 40 s of exposure and
90 s of purge. For the infiltration of ZnO in cotton, each VPI half-cycle
consisted of 700 ms of precursor dosing, 40 s of exposure and 60 s of purge.
For the infiltration of ZnO into jeans, the precursor dose was increased to
1 s. All other process parameters were maintained. Cycles were repeated
5, 10, 20, 40, 80, 100 and 300 times for each metal oxide and fabric type,
reproducing the samples used in the Odd Sample Out study.

Each sample was placed between two aluminum plates of 15x15 cm?2,
leaving 7 cm of fabric hanging, and photographed with a camera leveled at
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the same height. Each sample was placed and photographed in two
positions, following the two directions marked by the weaving of the
textiles, as shown in Figure 5.8.

‘ l—»Dir. 1

Dir. 2. {i

Figure 5.8. Schematics and set-up for the self-deflection angle measurements following
the two weaving directions measured for cotton and jeans.

The self-deflection angle @, formed between the plane between the plates
and the surface of the sample, was measured using the Image/ software.
The self-weight deflection of a soft, thin material is directly proportional to
its bending stiffness [104].

5.2.2. Data analysis, results, and discussion

The collected data from finger motion capture and applied forces is
combined and analyzed to obtain the coefficient of friction (COF), the
dependence of friction on skin moisture, the success rate at identifying the
different sample and its dependence on the characteristics of each
sample.

5.2.2.1. Coefficient of friction as a function of skin moisture

Since the skin moisture of the finger pad can affect the perception of the
sample by the participant, we analyzed its effect of the moisture on the COF.
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The COF at each time stamp is obtained from force measurements applying
Equation 5.6. The median value per sample and participant is then taken
as the measured coefficient of friction.

VE®? + F(6)?
E(©)

We found a correlation between finger pad moisture and COF best fitting
to a linear regression with r? = 0.48 for all samples, r? = 0.52 for jeans and
r? = 0.49 for cotton, as shown in Figure 5.9. As expected, the dispersion in
the COFs is higher for higher values of skin moisture, due to changes in the
mechanical properties and/or surface topography of human skin, leading
to skin softening and increased real contact area and adhesion [105]. The
COFs measured for the participant with the lowest moisture range from
0.24 to 0.38, in the case of the participant with the highest moisture this
range is over 8 times wider, from 0.48 to 1.61.

COF(t) =

(5.6)

2.5 2.5 Jeans
Cotton
2.0 2.0
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0.5 0.5 ” };/ i .
2 = 0.4812 |—="_ i 20250
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Skin moisture (a.u.) Skin moisture (a.u.)

Figure 5.9. Scatter plots and linear regressions of the COFs as a function of skin
moisture for all samples, and jeans and cotton samples separately.

As previously discussed, infiltration of the fabrics modifies their
hydrophobicity. We found no clear tendencies showing a dependence of
this relation on the treatment of the fabrics. The corresponding plots are
shown in Figure 5.10. Since the treatments do not affect the general
trends, for the following analysis of results the COFs are normalized by
division by the median COF of each participant, giving equal weight to each
of the samples touched. In this way we eliminate the dependence on skin
moisture of the absolute values, making it possible to compare the
measured COFs of different participants.
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Figure 5.10. Scatter plots and linear regressions of the COF as a function of skin
moisture for each treatment.

5.2.2.2. Coefficient of friction as a function of fabric and

treatment
We start by comparing the COFs for the two different types of fabric by
running a two samples t-test setting a = 0.05. This was done separately for
each participant with the absolute values of the coefficients of friction, and
for all participants together using the normalized ones. When comparing
individually, we found a significant difference for 27 of the 30 participants.
Coincidentally, the participants for which no significant difference was
found had a below average skin moisture. In the t-test for all participants,
a significant difference was found (p = 0.0000, t-stat = -17.6656). As shown
in Figure 5.11, the coefficients of friction of cotton are significantly lower
than those of jeans, both with and without treatment.
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3.3 Significant difference

t-statistic = -17.6656

3.0 p-value = 0.0000

2.5

2.0

1.5

Normalized COF

1.0

0.5

&

0000

o]

Cotton

Jeans

Figure 5.11. Boxplot showing the t-test comparing the normalized coefficients of
friction of cotton and jeans measured for the 30 participants.

Therefore, to precisely study the effect of the infiltration on the COF the
values obtained for cotton and jeans are normalized separately per
participant, meaning that the COFs of cotton samples are normalized by
division by the median COF of only the cotton samples for each participant
and not the median COF of all samples, and likewise for the jeans samples.
The dependence of the median coefficient of friction on the number of
infiltration cycles for each oxide is shown in Figure 5.12.
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Figure 5.12. Evolution of the normalized COF as a function of the number of cycles of
each metal oxide treatment for cotton and jeans, fitted to an exponential function. Error
bars correspond to the 25 and 75 percentiles.

The COF generally increases with the number of infiltration cycles,
proportional to the amount of metal oxide infiltrated into the fabric. This
tendency is best fitting to an exponential function, since an eventual
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saturation of the COF is expected. The increase in the COF is 5% higher in
the case of jeans than in the case of cotton. Looking at the samples
infiltrated with 300 cycles, in the case of cotton the increase is 13% for TiO2
and 19% for ZnO, while for jeans the increase is of 18% for TiO2 and 24%
for ZnO. In both fabrics, the increase in COF is 6% higher for ZnO than for
Ti02. This difference is explained by the lower reactivity of TiCl4 compared
to DEZ, which also reflects on the different growth rates of the equivalent
ALD processes. Therefore, for an equal number of cycles of both
treatments, the amount of ZnO infiltrated is greater than the amount of
TiO2. The value of the COF for the infiltration with 100 cycles of TiOz is
lower than expected. There is a drop from 80 to 100 cycles for both textiles,
more pronounced in the case of jeans.

To determine whether the changes found in the COF are perceptible, we
analyzed the choices of the participants during the Odd Sample Out study.
If the probability of correctly identifying the odd or different sample is
higher from what would be expected from a random choice, then the
treated samples can be distinguished from the untreated ones by touching
them. It is important to note that no magnitude of the difference between
samples should be concluded from these probabilities.

The percentage of participants who have correctly identified the different
sample is plotted as a function of the number of cycles for each sample and
treatment in Figure 5.13. The number of cycles is taken as a logarithm for
clarity. In general, samples treated with a lower number of cycles have a
lower probability of being correctly identified than those treated with a
larger number of cycles, which is expected from the increase of the COF.
Still, most samples have a probability above chance of being correctly
identified, showing that participants can detect the treated samples and
are not randomly selecting them. The cotton sample infiltrated with 100
cycles of TiO2 shows again an anomality, with a probability below chance.
The same treatment on jeans is also detected less often than what is
expected from the general tendency.
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Figure 5.13. Percentage of participants that correctly identified the odd sample as a
function of the logarithm of the number of cycles of each treatment for cotton and jeans.
The blue dashed line represents the probability of correctly identifying the odd sample
by chance.

Certain samples treated with a lower number of cycles may have a higher
COF than those treated with a higher number of cycles, which is what
influences the perception of participants when touching and ultimately
affects the probability of correctly identifying the odd samples. To study
this influence, we now correlate the percentage of participants that have
correctly identified the odd sample with the COF for each sample and
treatment.
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Figure 5.14. Percentage of participants that correctly identified the odd sample as a
function of the normalized coefficient of friction of each treatment for cotton and jeans.
The blue dashed line represents the probability of correctly identifying the odd sample

by chance.

As shown in Figure 5.14, there is a higher probability of participants
identifying the odd sample as the COF increases and the difference
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between the treated samples and the untreated textile becomes more
perceptible.

5.2.2.3. Friction oddness

In the previous analysis of the data, a global evaluation of the COF as a
function of the number of cycles was made. Nevertheless, one of the
strengths of this experimental design is that the COF is recorded for each
participant and each trial. This means that we have friction data recorded
at the very moment when the identification of the odd sample is made,
allowing us to focus on the actual differences felt in each trial and to better
analyze the decisions of the participants.

We now analyze whether the COF of the odd sample is more different from
each of the even samples than the difference between the COFs of the two
even samples, to know how odd the COF of the odd sample actually is. The
friction oddness is defined as Equation 5.7 when the odd sample is treated
and as Equation 5.8 when the odd sample is untreated (blank).

p-even,l + Ueven,z
2

. . 3
Friction oddness = W,qq4 — —5 |ueven'1 — ueven'2| (5.7)

Heven,1 T Heven,2 3
even _ even2 Hogd — 5 ||1even,1 — P-even,2| (5.8)

Friction oddness =

To give the trials of different participants the same weight, the friction
oddness is normalized by dividing it by the average coefficient of friction
of the two even samples. In the ideal case of Ugyen 1 = Hepen,2 the friction
oddness simplifies to:

Normalized friction oddness = ”"d:l_ﬂ (5.9)
even

These formulas separate between three possible cases:

1. If the differences between the COFs of the odd sample and both of
the even samples are larger than the difference between the two
even samples, the friction oddness will be positive. In this case the
odd sample is also odd with respect to friction.

2. If the difference between the COF of the odd sample and one of the
even samples equals the one between the two even samples, the
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friction oddness will be 0. In this case there is no odd sample with
respect to friction.

3. If the difference between the COF of the odd sample and one of the
even samples is smaller than the difference between the two even
samples, the friction oddness will be negative. In this case one of the
even samples is odd with respect to friction.

To determine whether the perceived friction of the samples is actually
different from the untreated ones the mean normalized friction oddness of
all trials is plotted as a function of the number of cycles of each treatment
in Figure 5.15. Samples with a friction oddness below or very close to 0
should be undistinguishable from the original textile in terms of friction. In
the case of infiltration with ZnO, the friction oddness becomes appreciable
after 40 cycles of infiltration in cotton. For jeans, 100 cycles are needed to
make the increase of friction of the sample noticeable. For the infiltration
with TiOz, samples only become significantly odd in terms of friction when
infiltrated with 300 cycles, for both fabrics. In the case of jeans, it is worth
noting that, although the median friction oddness of lower number of
cycles (20, 40, 80) is positive, the error bars show that most participants
were not able to perceive the difference in COF.
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Figure 5.15. Evolution of the normalized friction oddness as a function of the number of
cycles of each metal oxide treatment for cotton and jeans. Error bars correspond to the
25 and 75 percentiles.

We now can study the percentage of participants that have correctly
identified the odd sample with the friction oddness for each sample and
treatment, shown in Figure 5.16. In both fabrics, the samples with higher
friction oddness are more easily identified as different, this is expected as
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they are odd both in terms of treatment and in terms of friction, which is
what the participants perceive. These samples are in the second quadrant
of the graph, with a positive friction oddness and an above chance
probability of being detected. When the participants touch these samples,
they can feel the increase in the coefficient of friction and use it to detect
the odd sample in the corresponding triplets. However, some samples are
in the first quadrant of the graphs, with negative friction oddness and an
above-chance probability of being detected. This implies that they are
correctly identified, even when their COFs are not distinguishable from
those of untreated samples.

100 Cot}ton 100 Jea:ns
| ol | i
2 | 3 5
2 80 CZn.lOO E 80 jZn3()U.
a +CTi300 4 :
] . 0 ! L JTi300
g 60 | cTigo .(on300 o 60 205 g0 1TEO "
= o€ | cznao "CZngo = 1 Trao .J.?g;oc
] . o e i () e i e oJTi
*,6— 401 CTizo  cTido CzZn20 | E 40 Jri1o [Ti1004| *JZn10 4
\.; Czn10 3 “czns g s *Jzna0 |
2 20 cTiLoo 2 20 |
2 : & |
0 I vV o Jzn20 I v
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10

Normalized friction oddness

Normalized friction oddness

Figure 5.16. Percentage of participants that correctly identified the odd sample as a
function of the mean normalized friction oddness of each treatment for cotton and jeans.
The horizontal blue dashed line represents the probability of correctly identifying the
odd sample by chance, the vertical blue dashed line separates the oddness cases.

The Odd Sample Out methodology allows to determine whether
perceptible differences exist between two samples, but it does not give
information about what the differences are or their magnitudes. These
differences can exist in a single sensory attribute or in several attributes.
This analysis of the friction oddness shows that participants can correctly
identify the treated samples even when there are no perceivable
differences in their COFs. Therefore, the infiltration of metal oxides via VPI
is introducing changes in other sensory attributes of the fabrics.

5.2.2.4. Other factors - Structure, texture and bending stiffness

The participants were asked to fill out a questionnaire after completing
every 0dd Sample Out task. One of the questions they answered was “Did
you use any specific criteria when identifying the different sample? If yes,

107



-+ Chapter 5

which criterium(a)?” Out of the 30 participants, 18 answered affirmatively.
Each participant could list more than one criterium. The following criteria
were mentioned with the frequency shown in brackets: roughness (9),
friction (7), structure (4), softness (3), stickiness (2), humidity (2), and
texture (1).

The roughness and structure of the fabric surface could not be directly
measured using AFM, since it was not possible to approach the textile with
the AFM tip, even with the addition of oils to reduce static repulsion. With
this limitation, we focus on their sensorial perception. We asked
participants to describe the differences they feel between the untreated
and treated samples in more detail. The participants describe the feeling
of the infiltrated samples as flatter and tougher, whereas the feeling of the
untreated ones is described as softer and fuzzier. In order to explain the
origin of these differences we studied the textile surface with an optical
microscope. To do so, samples were cut with a scalpel and placed
perpendicular to the objective lenses, the resulting images are shown in
Figure 5.17.

Blank ZnO 300 cycles Blank ZnO 300 cycles

Figure 5.17. Optical microscope cross-section images of the surface of cotton and jeans
samples before and after 300 cycles of ZnO infiltration.

In both fabrics, the untreated sample shows a large number of longer fibers
that stick out from the compact surface of the woven fabric. Each thread
within the woven fabric is formed by coiling of multiple thin fibers, some
of which become unstuck and can cause the feeling of fuzz on top of the
surface. They function as a cushion between the finger pads and the woven
surface and make the samples feel softer. In contrast, the treated fabrics
show only the compact surface with much shorter fibers. When the fibers
are infiltrated with metal oxides, they become more brittle and can break
off the fabric when the samples are manipulated after the treatment. This
breakage makes the infiltrated surface feel flatter and firmer to the touch.
We expect this change in surface morphology to affect the perception of
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roughness, structure, and/or softness, making the samples treated with
VPI distinguishable by tactile exploration even when the changes in their
COF are not perceptible.

Another interpretation of the change in softness relates to the
deformability of the samples affected by treatment. When participants
touch the samples they apply a normal force, pushing into the fabric and
making it bend around the finger. The resistance of the fabric to this
deformation can also make the treated samples distinguishable. To analyze
this change, we studied the changes in bending stiffness. A fabric with a
greater bending stiffness will show more resistance to the push and will
deform less under the same force than a fabric with lower bending
stiffness.
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Figure 5.18. Self-bending angles of cotton infiltrated with different cycles of ZnO and
TiOz.

There is a natural anisotropy in the stiffness of the fabrics due to the
weaving patterns, making one of the directions more rigid than the other.
In cotton, this difference is not easily detected before treatment since the
self-bending angle difference between the two measured directions is
about 10°. As the number of cycles increases, the self-bending angles of the
samples are reduced and the bending stiffness increases, but the difference
between both directions remains constant. The anisotropy is only reduced
when reaching 300 cycles, when the difference between the self-deflection
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angles of the two directions is of 6° for ZnO and 4° for TiO2. The measured
self-bending angles are shown in Figure 5.18.
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Figure 5.19. Self-bending angles of jeans infiltrated with different cycles of ZnO and
TiO2.
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In the case of jeans, the original anisotropy is much more pronounced and
easily perceivable, with a difference of 60° between the two directions. The
angles in direction 2 are originally around 10°, making the variations
introduced by treatment harder to measure, while the differences in
direction 1 are clear. Consequently, we see a tendency in the anisotropy to
decrease with the number of cycles, until reaching angle differences of 10°
for ZnO and 20° for TiO2z at 300 cycles. The measured self-bending angles
are shown in Figure 5.19.

In both fabrics, the self-bending angles decrease after infiltration, meaning
that the samples become stiffer. This effect becomes more perceivable as
the amount of metal oxide is increased. This change is caused by the low
ductility of the metal oxides, which are ceramic materials, infiltrated into
the flexible fibers. Their combination increasingly affects the flexibility of
the resulting hybrid textiles with the amount of infiltrated oxide. Visually,
this change is easily perceivable, with the jeans samples even remaining
unbent under their own weight. However, it should be harder to detect
through tactile exploration, especially since the participants are only
allowed to touch the surface with one finger pad and cannot hold or bend
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the fabrics. Additionally, the participants only see the sample triplets
through a semi-opaque screen and always placed on the metal and PDMS
holders. We expect this change to affect tactile perception only when
participants push into the samples with a higher normal force, feeling a
harder resistance from the fabrics to sink into the PDMS when they are
treated. This impression, in combination with the previously described
ones, can be one of the factors contributing to the distinguishability of the
hybrid textiles.

5.2.2.5. Probability of identifying the infiltrated fabrics

The 0dd Sample Out methodology allows us to conclude whether a
perceptible difference between samples exists following the standardized
values in Table A.1. of ISO 4120:2004 [100]. If the number of participants
that identified the different sample correctly is higher than the tabulated
value, we can accept the assumption that a perceptible difference exists
after the infiltration of the fabric. The minimum of correct responses
needed depends on the desired a risk in our test. The results obtained for
some of the standard values of @ are shown in Table 5.1 for cotton and in
Table 5.2 for jeans.

We can conclude that the samples treated with 300 cycles are perceived as
different for both fabrics and oxides. In the case of infiltration with ZnO,
samples treated with 100 and 80 cycles can also generally be perceived as
different. Additionally, samples treated with 40 cycles are perceived as
different when taking higher values of the a risk in the case of cotton. In
the case of infiltration with TiOz2, we find the already mentioned anomality
in the samples treated with 100 cycles, which are never distinguishable
from the untreated ones. However, samples treated with 80 cycles are still
perceived as different when taking higher values of the a risk in both types
of fabric. Surprisingly, cotton samples treated with 5 cycles of TiO2, and
jeans samples treated with 5 cycles of ZnO are perceived as different for
the higher values of the a risk. This is probably an effect of the higher
statistical error that comes from the reduced number of participants. We
expect this difference to disappear when significantly increasing the
number of participants. As a conclusion, a treatment with 40 and 80 cycles
of any of the two oxides is the minimum amount of infiltration needed in
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both fabrics to reach just noticeable difference in tactile perception from
the untreated sample.

Fabric Cotton

Oxide Zn0O TiO>

Cycles | 5 | 10| 20| 40| 80 {100|300| 5 |10 | 20 | 40 | 80 | 100|300
0.2
0.1
0.05
0.01

Table 5.1. Summary of the Odd Sample Out study results for cotton samples at different
values of the a risk. Samples with a perceptible difference from the untreated samples
are marked in blue.

Fabric Jeans

Oxide Zn0 TiO;

Cycles 5 10 | 20 | 40 | 80 |100|300] 5 10 | 20 | 40 | 80 | 100|300
0.2
0.1
0.05
0.01

Table 5.2. Summary of the Odd Sample Out study results for jeans samples at different
values of the a risk. Samples with a perceptible difference from the untreated samples
are marked in blue.

Following the Odd Sample Out methodology in Annex B of ISO 4120:2004
[100], we calculate the proportions of the population that would be able to
distinguish treated and untreated samples and their confidence intervals.
Upper and lower confidence limits are calculated with 95% confidence,
giving the confidence intervals an error allowance of 10%. In this way, we
obtain 90% confidence that the true proportion of distinguishers is
somewhere between the percentages shown in Figure 5.20. When a
confidence interval includes 0%, it supports the conclusion that there is no
perceptible difference between treated and untreated samples.

Cotton samples treated with ZnO would be distinguished by 10 to 50% of
the population when the number of cycles is between 40 and 80. At 100
cycles, the maximum percentage reaches 85% but goes back to 62% at 300
cycles. Jeans samples treated in the same way need 80 to 100 infiltration
cycles to be distinguished by a maximum of 50% of the population but
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would be distinguished by 80% of the population when infiltrated with
300 cycles of ZnO.
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Figure 5.20. Percentages of the population that would be able to distinguish the treated
fabrics from the untreated ones for cotton and jeans with 90% confidence.

In the case of infiltration with TiO2, no treatment with less than 80 cycles
would be distinguished for both cotton and jeans. For both fabrics, the
maximum percentage of the population who distinguish the fabrics
infiltrated with 80 cycles increases to 50%. The fabrics infiltrated with 100
cycles are again an anomality and would not be distinguished by most of
the population. The percentage of distinguishers reaches 70% of the
population for cotton and 62% for jeans when reaching 300 cycles of
infiltration.

5.2.2.6. Change in skin moisture after touching the samples

During the study with participants, we noticed that the skin moisture
measured after touching the samples tends to be higher than before, with
an average increase of 8.15 a.u.. The corneometer measures in arbitrary
units from 0 (no water at all) to 120 (on water) [106], with the measured
skin moisture of the participants ranging from 14.96 to 105.88 a.u.. To
check the significance of the change we run a paired or dependent samples
t-test with a=0.05 comparing the skin moisture values before and after for
each participant. The results are shown in Figure 5.21.

There is a significant difference between the values (p=0.0000,
t-stat=-5.7613), meaning that the increase in the skin moisture during the
study is noteworthy. This increase is high compared to that observed in
similar studies with different samples. In a study with PU samples, in which
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participants touch samples for double the time, the average moisture
increased by 3.78 but the difference was not significant. The change
observed in this study could be an effect of the hydrophobicity induced in
the samples by the treatment.
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Figure 5.21. Paired samples plot and boxplot of the dependent samples t-test
comparing the measured skin moisture of each participant before and after touching all
samples.

5.3. Conclusions

We have studied how the treatment of cotton and jeans with ZnO and TiO2
through Vapor Phase Infiltration affects the visual and tactile human
perception of the fabrics.

To identify the changes in visual perception, the color of the fabrics before
and after treatment was measured with a spectrophotometer and analyzed
within the CIELAB color space system. The variations in each of the color
coordinates are individually explored, as well as the absolute color
differences. Following the CIE76, CM(C, and CIE2000 standards, we can
conclude that all samples but the one of jeans infiltrated with 300 cycles of
ZnO0 are within the acceptable thresholds of consistency of reproducibility
for the color of samples. Additionally, samples of cotton infiltrated with up
to 80 cycles of ZnO are undistinguishable from the untreated ones in terms
of color.

To investigate the changes in tactile perception, we have run an Odd
Sample Out study with 30 participants and studied whether fabrics
infiltrated by VPI can be identified as different from the untreated ones.
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Physical measurements of force and position were conducted
simultaneously to relate the perceived differences to the coefficient of
friction of the samples.

The coefficient of friction of the fabrics is linearly dependent on the skin
moisture of the finger pad of the participants. This relation is independent
of treatment. The coefficients of friction measured in cotton fabrics are
significantly lower than the ones measured in jeans. The increase of the
coefficient of friction with the amount of metal oxide infiltrated in the
fabric fits to an exponential function. This increase is 5% higher when
treating jeans than when treating cotton. Samples infiltrated with 100
cycles of TiO2 have a lower coefficient of friction than expected. The
probability of distinguishing the treated samples increases with the
coefficient of friction, as the fabrics become more different from the
untreated ones. However, when incorporating the friction oddness into the
analysis, we found that some samples can be identified as different even
when they are not odd in terms of friction. This means that the treatment
is modifying other properties of the fabrics that make the treated samples
distinguishable.

The texture and structure of the fabric surface were observed under the
microscope. We show that after infiltration the samples appear flatter, with
the threads that stick out of the woven surface looking shorter and stiffer.
The addition of the ceramic metal oxide makes them more brittle, which
makes them break, losing the fluffier feel of the untreated samples. The
stiffness of the fabrics was studied by measuring their self-bending angles.
We detected a general increase in the stiffness of the samples for every
fabric and treatment, making them more resistant to deformation. The
original anisotropy due to the weaving of the fabrics is also reduced with
the infiltration. We expect these changes to contribute to the
distinguishability of the treated fabrics during the tactile exploration,
making it possible to correctly identify the odd sample even in cases where
the coefficient of friction is not different.

We have applied the Odd Sample Out methodology to conclude which
samples present perceivable differences. Samples treated with 300 cycles
are always perceived as different for both fabrics and treatments. In the
case of infiltration with ZnO, samples treated with 100 and 80 cycles can
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also generally be perceived as different as well as samples treated with 40
cycles when taking higher values of the a risk. In the case of infiltration
with TiOz, samples treated with 100 cycles are never distinguishable from
untreated ones while samples treated with 80 cycles can still be perceived
as different. Finally, we have calculated the percentages of the population
that would be able to distinguish each sample. Most of the population
would not perceive fabrics infiltrated with less than 80 cycles as different
from the untreated ones. Fabrics infiltrated with 80 cycles or more would
be distinguished by 50% or more of the population. The samples infiltrated
with 100 cycles of TiO2 would not be distinguished by most of the
population. Cotton samples infiltrated with ZnO would be the most easily
distinguished.

After touching each of the samples in the study, the skin moisture of the
participants significantly increased. This change was not observed in
similar studies with other materials, even for longer tactile exploration
times. We expect this to be an effect of the enhanced hydrophobicity of the
infiltrated samples.

Regarding visual perception, the color of any sample treated with 80 cycles
or less can be perceived as the original one. Regarding tactile perception, a
treatment of between 40 and 80 cycles of any of the two oxides would be
the minimum amount of infiltration needed to reach the just noticeable
difference from the untreated sample. Therefore, the combination of both
studies allows us to identify the optimal amount of each metal oxide
infiltrated while still being close enough to the untreated sample. We can
now apply this knowledge to use VPI to obtain multiple new functionalities
without disturbing the original appearance and feeling of the original
textiles.
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Summary and outlook

Textiles are omnipresent in our lives and have become so common that we
no longer perceive them as technology. Natural textile fibers possess
multiple interesting properties that make them well suitable for
conventional fabric applications, often outperforming synthetic
alternatives. However, they often lack specific functionalities demanded by
advanced applications. The implementation of hybrid materials into
textiles allows for incorporation of new functional properties while
maintaining the inherent benefits of the pristine fibers. Despite the variety
of existing methods for the synthesis of hybrid textiles, issues that hinder
practical utilization, such as durability, toxicity, and versatility, are still
challenging.

VPI is a vapor-to-solid technique that enables the synthesis of durable
hybrid materials by infiltrating inorganic compounds into soft polymeric
substrates, creating a subsurface gradient through strong chemical
bonding between both materials. In this PhD thesis, VPI was applied to
synthesize advanced multifunctional hybrid textiles. Two types of cotton-
based fabrics were selected as substrates, a natural raw cotton fabric with
minimal manufacturing, and a treated commercial jeans fabric with a
blended composition of cotton and polymer fibers. Both were infiltrated
with ZnO and TiOz, materials that naturally exhibit a multiplicity of desired
functionalities in addition to excellent stability and biocompatibility.
Furthermore, these metal oxides can be readily deposited by ALD and
derived techniques at low temperatures using standard, inexpensive
precursors.
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A standard VPI process was developed and optimized for the infiltration of
3 pieces of fabric of 5x5 cm? in a single process. Parameters such as process
temperature and dosing and purging times were chosen attending to the
limitations introduced by the thermal resistance of the substrates, induced
chemical damage and homogeneity in the chamber.

The structure and composition of the fibers forming both fabrics were
characterized before and after infiltration to confirm the successful
modification of the polymers. Imaging and chemically resolved mapping of
the cross-section of the fibers by SEM and EDX show that the developed
VPI process achieves growth of the metal oxides inside of the threads,
individually infiltrating each of the fibers that form the macroscopic pieces
of fabrics. ICP-OES was used to quantify the Zn and Ti amounts in the
infiltrated fabrics, concluding that natural raw cotton allowed more
infiltration of the metal oxides than commercial jeans and that the amount
of infiltrated ZnO is higher than that of TiO2 for the same processing
conditions. XRD proved that the structural order of the textile polymers
was not affected by the infiltration, infiltrated ZnO grew in its wurtzite
crystalline phase with a compressed unit cell while TiO2 grew amorphous.
Uniaxial tensile tests ensured that the mechanical properties of the fabrics
were not deteriorated by the infiltration.

Once the prepared hybrid fabrics were thoroughly characterized, their
potential functionalities were evaluated. The results confirmed that
photoprotection, self-cleaning activity through photocatalysis and
hydrophobicity, antimicrobial and anti-odor activity, and flame retardancy
can be successfully incorporated into the fabrics through one single VPI
process.

Protection against UV radiation was achieved by extending the absorption
of the fabrics into UVA and near visible regions, with TiO,-infiltrated
fabrics providing superior protection against erythema-inducing radiation
than ZnO-infiltrated fabrics.

The chemical self-cleaning activity of ZnO-infiltrated cotton was
demonstrated through photodegradation of rhodamine B under simulated
solar light, showing that the hybrid fabrics could repeatedly degrade the
organic dye without loss of efficiency. Physical self-cleaning was evaluated
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through wettability measurements. Natural raw cotton preserved its
inherent hydrophobicity after infiltration, while jeans transformed from
superhydrophilic to superhydrophobic, with contact angles above 120°.
Furthermore, liquid droplets remained on the fabric surface between
several minutes and over an hour without being absorbed. The
combination of photocatalytic activity and water repellency provides the
hybrid fabrics with self-cleaning capability, preventing staining and
contamination.

The antibacterial activity of the fabrics was evaluated against the model
strains S. aureus and E. coli, as well as against the body odor causing strain
C. striatum. Bacteriostatic, non-leaching antibacterial activity was achieved
through VPI, preventing bacterial attachment and proliferation on the
fabrics. The antifungal activity of ZnO-infiltrated fabrics was assessed
through their inhibition capability against the model fungus A. nidulans,
showing partial antifungal activity by inhibiting spore germination but not
hyphal growth. Overall, the hybrid fabrics demonstrated effective
antimicrobial activity, particularly remarkable in the case of ZnO
infiltration.

The fire resistance of the hybrid fabrics was assessed by exposing them to
an open flame and visually analyzing their combustion behavior. The
hybrid fabrics had significantly delayed ignition times and rapid self-
extinguishment, which minimized fire-induced damage to the textile
structure and effectively suppressed smoke generation.

The durability of the infiltration against conventional laundering was
tested by comparing the fabrics” properties before and after washing. ZnO-
infiltrated fabrics retained both their photoprotective and antibacterial
functionalities, whereas TiOz-infiltrated fabrics exhibited a partial loss of
performance, preserving photoprotection but losing bacteriostatic activity.
These results indicate that laundering damaged the superficial TiO2
coating, while the subsurface TiO2-fiber gradient remained intact.

Lastly, the effect of the infiltration on the visual and tactile perception of
the fabrics was studied. Visual changes were identified through color
measurement and analysis within the CIELAB color space system. All
samples, except jeans infiltrated with 300 cycles of ZnO, remained within
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acceptable thresholds of color variation. Cotton fabrics treated with up to
80 cycles of ZnO infiltration were visually indistinguishable from the
pristine samples. Changes in tactile perception were analyzed by
combining fingertip friction and movement measurements with an 0dd
Sample Out study conducted with 30 volunteers. The results showed that
fabrics infiltrated with fewer than 80 cycles were generally perceived as
identical to untreated fabrics, while those with 80 cycles or more were
distinguished by at least 50% of participants. The coefficient of friction
increased with the number of infiltration cycles, although friction oddness
analysis indicated that some samples could still be identified as different
even without a measurable increase in friction. Further analysis of sensory
attributes revealed that the texture and structure of the fabrics were also
modified by the infiltration process, making them flatter and stiffer to the
touch.

The measured properties confirm infiltration of metal oxides into cotton-
based fabrics by VPI as a powerful tool to achieve durable
multifunctionalization. Combined with perceptual studies, this knowledge
can be applied to the design of advanced hybrid textiles that integrate
multiple new functionalities of high relevance for the textile industry while
preserving the original appearance and feel of pristine fabrics.

Looking towards the future, further investigation should focus on
extending the application of the developed infiltration process to textiles
with diverse compositions, as well as exploring alternative functional
materials to widen the range of achievable properties, including electrical
conductivity, sensing capabilities, and thermal regulation. In parallel, the
process and reactor designs need to be scaled to enable the treatment of
larger textile pieces. The durability of the functionalization must be
evaluated under real use and laundering conditions to assess long-term
stability. Finally, systematic studies on biocompatibility and environmental
impact will be essential to ensure a safe and sustainable implementation
of VPI-functionalized textiles in industrial applications.
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Low temperature atomic layer deposition of
boron nitride using the in-situ decomposition
of ammonium carbamate

This chapter is dedicated to the development of a new atomic layer
deposition process for the growth of amorphous boron nitride at low
temperatures, between 100 and 275°C, using ammonium carbamate as the
nitrogen source. Carbamic acid is formed during the thermal
decomposition of ammonium carbamate. This intermediate, highly
reactive species, acts as the enabler of nitride deposition at low
temperatures.

A brief introduction to the interest in nitrides and their deposition by ALD
is given. The ALD process for BN is characterized, and the composition,
stoichiometry and structure of the deposited thin films are analyzed.
Finally, the reaction pathways are computationally modeled to confirm the
enhanced reactivity of the reactants introduced in the studied process.

This work, which started as my master thesis, continued throughout my
years as a PhD student and resulted in the publication of the scientific
communication: Alvarez-Yenes, A.; Koroteev, V; Ryzhikov, M.; Ilyn, M,;

Kozlova, S.; Knez, M. Low temperature atomic layer deposition of boron
nitride using the in situ decomposition of ammonium carbamate. Chem.
Commun., 2025, 61, 11774-11777.
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7.1. Introduction

Nitrides are critically important materials in modern technology because
of their unique combination of properties. They are chemically and
thermally stable, with melting points often exceeding 2000°C, which
makes them highly resistant to wear and corrosion. Depending on the
specific nitride compound, they can either act as electrical conductors or
as insulators, while semiconducting nitrides are particularly valued for
their wide bandgaps. These characteristics make nitrides essential for
applications ranging from high-power electronics, where gallium nitride
(GaN) enables energy-efficient power transistors, to optoelectronic
emitters such as GaN-based LEDs and laser diodes [107]. In sensing
technologies, aluminum nitride (AIN) is used in piezoelectric sensors and
resonators due to its high acoustic velocity and thermal stability [108].
Nitrides also serve as protective coatings, for example titanium nitride
(TiN), which provides wear resistance and a biocompatible surface for
medical implants and surgical tools [109], [110].

The rapid development of these application fields, particularly the
continued scaling down of semiconductor devices, has created a demand
for highly conformal, pin-hole free nanoscale thin films. At the same time,
process temperature limitations have become increasingly relevant due to
the introduction of novel materials into the fabrication processes. This
includes polymers in both flexible electronics and as low-k dielectric
materials, which are highly temperature-sensitive and require deposition
techniques compatible with delicate substrates [111]. As a result,
processing temperatures are typically restricted to less than 400°C [112].
Inherently, ALD is a very suitable and promising technique for the coating
of high aspect-ratio structures with excellent conformality, as well as
precise compositional and thickness control. However, the ALD of nitrides
for practical application is limited by the availability of sufficiently reactive
nitrogen precursors.

Although over 100 processes for the deposition of nitrides by ALD have
been reported, most of them use ammonia (NH3) as the nitrogen source
[113]. Due to its low reactivity, ammonia typically requires elevated
process temperatures to thermally activate its adsorption and reaction,
which restricts its applicability [114]. Moreover, ammonia is a colorless,
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toxic, and corrosive gas that is difficult to detect with standard laboratory
sensors, making its handling a safety issue in many research and industrial
settings. Hydrazine (N2H4) and its derivatives have been used as more
reactive alternatives, but their toxicity and explosiveness make them even
more hazardous and harder to handle than ammonia, again impeding their
widespread industrial adoption [115].

In Plasma-Enhanced ALD (PEALD), a plasma source is introduced to
generate highly reactive species that enhance precursor reactivity and
allow deposition at lower process temperatures. For nitride growth,
plasmas of NHs, N, or N,/H, mixtures are generally used. Unfortunately,
PE-ALD has some limitations regarding substrate compatibility. The high
reactivity of the radicals produced by plasma can damage or even etch
other materials used in device fabrication processes, such as silicon
substrates and polymer-based materials [112].

In this work, we propose ammonium carbamate ([NH4][H2NCOz]) as an
alternative nitrogen source for ALD. Ammonium carbamate is a solid at
ambient conditions that thermally decomposes into various reactive
gaseous species. This allows for the growth of nitrides at relatively low
processing temperatures while making the handling of the chemicals safer,
widening the possible applications of the deposition processes. To explore
its potential, we combine it with boron tribromide (BBr3) to grow boron
nitride (BN) by ALD.

BN is a binary compound of boron and nitrogen, alternatively linked, which
can be obtained in various crystalline forms. It is the lightest of the III-V
compounds, making the BN allotropes analogous and isoelectric to the
carbon ones, forming bonds with sp2 and sp3 hybridization. In all these
forms, BN exhibits interesting optical and electronic properties while
being highly thermally and chemically stable, making it attractive for
numerous applications, especially in nanoscience and nanotechnology. The
sp2-hybridized hexagonal boron nitride (h-BN) is the better-known BN
allotrope. B and N crystallize in the characteristic planar sheet layered
structure which is typical of Van-der-Waals materials [116]. It has high
electrical resistivity, excellent thermal conductivity, and wide bandgap and
has been applied as protective coating due to its corrosion-resistance, as
lubricant, as insulator layer in semiconductors, as emitter and as
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photodetector in the deep UV region [117], [118], [119], [120]. The sp3-
hybridized cubic boron nitride (c-BN) is the second most common BN
allotrope. It is the second hardest material known after diamond, with a
Vickers hardness of around 50 GPa [121]. c-BN is, however, more
thermically and chemically stable than diamond, making it abrasion
resistant and particularly useful for applications in the manufacturing
industry [122], [123]. It can be used as protective in optics since it is
transparent in the visible range, and applied in high temperature, high
power electronics operating in harsh environments as a heat sink [124].
Boron nitride can also be obtained in a non-crystalline form, with no
discernible long-range order in its atomic arrangement. This allotrope is
known as amorphous boron nitride (a-BN) and is sp? hybridized. This
material has great potential as diffusion barrier in electronic devices; it
readily adheres to the substrates and has a hardness higher than that of
silicon [125]. Moreover, a-BN has been reported to have an ultralow
dielectric constant, which would extend its applicability to insulating
layers in CMOS technology [126], [127], [128], [129]. The synthesis and
post-treatment of BN determine its allotropic shape and, therefore, its
physical properties and optimal future applications [130], [131].

Atomic layer deposition has been previously used to deposit BN thin films,
primarily by using boron halides in combination with ammonia, a
precursor selection derived from CVD. The growth of BN from BCls and NH3
by ALD was first reported by Ferguson et al. [132]. However, BBrs3 is less
thermodynamically stable than BCls and reacts readily with ammonia. This
combination of precursors has been used by Marlid et al. [133] and Weber
et al. [134] in high temperature ALD processes (400-750°C). To lower the
process temperature, Olander et al. [135] introduced the photo-
dissociation of BBrs with an ArF excimer, increasing its reactivity with the
surface and enabling the deposition of BN at 250°C.

The process proposed here allows the ALD-growth of BN at lower
temperatures, between 100 and 275°C, using BBrs and ammonium
carbamate as precursors. Ammonium carbamate coexists in equilibrium
with a mixture of NH3 and carbon dioxide (COz) at ambient conditions. This
chemical system has been thoroughly characterized and there are several
studies describing its vapor pressure and composition as a function of
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temperature [136], [137], [138], [139]. The kinetics of the decomposition
are less well understood. Multiple studies point at the involvement of
carbamic acid (Hz2NCOOH), a highly reactive intermediate, in the process.
Carbamic acid has never been isolated, although organic derivates have
been prepared [140]. Experimental and computational studies conclude
that it appears as a surface-bound intermediate species that can be
evacuated, making it compatible with ALD [141]. The proposed scheme of
the ALD reaction is shown in Figure 7.1. Reaction (A) describes the
decomposition of ammonium carbamate into NH3 and CO2, with the
intermediate formation of carbamic acid. Reaction (B) is the proposed
surface reaction between carbamic acid and BBr3 during an ALD cycle.

(A)
[0} o]
H c/ NH; H cz/
1 ——
\T/ N - NH; + \T/ \OH 2NH; + €O,
H H
co,
HBr HBr
/—A /1
(B) HO Br Br
/ \
H \C—//”/D Br\___1B B'/’Br
N / \ /
Br\\\ /Br C/N\ /N\ Br B/N\\ /N\BEr
‘B HO/ B H ? B ?
H,NCOOH BBr; .__L-
4 H,NCOOH |

Figure 7.1. Schematic reactions that take place during the deposition process.
(A) Decomposition of ammonium carbamate. (B) ALD-growth of BN from surface-bound
BBr3 and carbamic acid.

7.2. ALD process

7.2.1. Experimental details

The ALD processes were performed in a Savannah reactor from Cambridge
Nanotech. The deposition was carried out under a constant N2 flow of
20 sccm. Boron tribromide (BBr3, 99%, Acros Organics) was used as boron
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source and ammonium carbamate ([NH4][H2NCOz2], +99%, Sigma Aldrich)
was used as nitrogen source. BBrs was kept at room temperature during
the deposition and ammonium carbamate was heated to 50°C to provide
sufficient vapor pressure. Depositions were done at various process
temperatures between 100 and 275°C.

The thicknesses of the samples were extracted from X-ray reflectivity
(XRR) measurements performed with a PANalytical X'pert PRO
diffractometer with a CuKa (A=1.542 A) radiation source and working
voltage and current of 45 kV and 40 mA, respectively. Silicon (100) wafers
with native oxide were used as substrates.

7.2.2. Characterization of the process

Experiments varying the pulsing time of BBrs were carried out to study the
self-limiting nature of the surface reactions. An ALD cycle for the BBr3
saturation experiment consisted of a BBr3 pulse of X ms, followed by a N2
purge of 5 s, a [NH4][H2NCOz2] pulse of 15 ms and a subsequent N2 purge of
10 s, where X stands for a variable dosing time. Figure 7.2 shows the
results obtained for 400 ALD cycles at 150°C.

400 cycles at 150°C
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Figure 7.2. Growth per cycle (GPC) of the process as a function of the BBr3 pulse time,
extracted from XRR measurements of thin films grown by 400 ALD cycles at 150°C.
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The obtained growth per cycle (GPC) remains constant as the dosing of the
precursor is increased. The graph verifies the self-limiting nature of the
film deposition already at shortest possible dosing times. Therefore, the
dosing time of BBr3 was set to 15 ms in following experiments, the
minimum precision allowed by the dosing valve. The dosing time of
[NH4][H2NCO2] was not varied since the minimum dosing of 15 ms already
caused a large pressure increase in the reaction chamber. Increasing the
purge times after each pulse from 5 and 10 s, respectively, to 60 s did not
alter the growth rates. Consequently, an ALD cycle was set as 15 ms of BBr3
dosing, 5 s of N2 purge, 15 ms of [NH4][H2NCO2] dosing and 10 s of N2 purge
for all further experiments to fulfill a self-saturated condition for the
studied ALD processes.

We studied the dependence of the GPC on the deposition temperature in
the range from 100 to 275°C with the timing sequence determined before.
The measured thicknesses of the deposited BN thin films as a function of
the number of ALD cycles and the GPC of the process at different deposition
temperatures are shown in Figure 7.3. The error bars represent the data
spread from different experiments; each point averages a minimum of 4

measurements.
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Figure 7.3. Measured thicknesses of the deposited films as a function of the number of
ALD cycles at different deposition temperatures (left) and dependence of the GPC of the
ALD process on the deposition temperature (right).

Deposition at 100°C yields the lowest GPC, about 0.33 A/cycle, probably
limited due to lower kinetic activation of the precursors at lower
temperatures. The maximum GPC of 0.55 A/cycle is reached at 150°C. The
GPC stabilizes around 0.47 A/cycle at 200 and 250°C. A further increase of
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the temperature to 275°C leads to a slight decrease in the GPC reaching a
value of 0.40 A/cycle. At each temperature, a lower GPC is observed during
the first few deposition cycles, corresponding to the number of cycles
needed to fully coat the substrate surface with BN. Once this phase is
completed and the surface is fully covered, the thickness of the deposited
films increases linearly with the number of cycles, as expected from an ALD
process. This process has been used to successfully grow BN on etched
silicon, anodic alumina, sputtered nickel, glass, and sapphire substrates,
obtaining similar GPCs.

7.3. Characterization of the as-deposited
material

7.3.1. Composition and stoichiometry

The composition of the deposited films was analyzed using X-ray
photoelectron spectroscopy (XPS). XPS measurements were carried out
with a Phoibos 100 photoelectron spectrometer, using a non-
monochromatic Al-Ka X-ray source in an ultra-high vacuum chamber with
a base pressure of 5x10-1° mbar. The analyzer energy resolution was 0.1
eV. Before the XPS measurements, the sample was sputter-etched with 500
eV Ar ions for 5 minutes to remove a surface layer of an estimated
thickness of 1-2 nm. These measurements were carried out by Dr. Maxim
[lyn at the Nanophysics Lab of the Material Physics Center (CFM) in
Donostia-San Sebastian, Spain. The resulting spectra, corresponding to a
12 nm thick BN film deposited at 150°C, are shown in Figure 7.4.

The B 1s and N 1s peaks are localized at binding energies of 190.7 and
398.1 eV, respectively. These values are characteristic of h-BN and indicate
that the films are composed of alternatively bonded, sp2-hybridized B and
N atoms. The relative atomic fraction of each element can be extracted from
the area of the peaks weighted by the corresponding elemental sensitivity
factors. The B:N atomic ratio obtained by applying this method is 1:1.05,
well corresponding to the expected stoichiometry of BN.

Signals corresponding to C, O and Si atoms were also found. The Si signal
stems from the etched silicon wafer used as substrate, Si atoms mostly
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form Si-Si bonds with a small contribution of Si bonded to O. To kickstart
the growth of BN on top of etched silicon, the substrate surface was
exposed to ozone (0O3) before the deposition process, terminating the Si
substrate surface with oxygen. Peak deconvolution of the B 1s peak shows
a small concentration of B-O bonds. This contribution is likely to stem from
the oxygen monolayer introduced by ozone, which would react only with
BBr3 and not with ammonium carbamate, which can explain the lower GPC
during the first few cycles of the process until the substrate surface is
completely functionalized with B-Br bonds.

N 1s C1s
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B 1s Si 2s
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Binding energy (eV) Binding energy (eV)

Figure 7.4. XPS spectra around the N 1s, C 1s, B 1 s and Si 2 s core-levels of a 12 nm film
of BN deposited on etched silicon at 150°C.
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The carbon atoms found in the sample are attributed to organic impurities
in the precursors. The C atoms found in the sample appear either bonded
to N atoms or forming sp? C-C bonds. Such defects are commonly reported
in CVD-grown BN films, as C atoms are similar in size to both B and N atoms
and can substitute them without introducing any lattice mismatch [142].

7.3.2. Atomic arrangement and structure

In order to study the atomic arrangement of the deposited films, as well as
to obtain their spatially resolved composition, transmission electron
microscopy (TEM) and electron energy loss spectroscopy (EELS) were
used. TEM characterization was carried out with a Cs-corrected
microscope ThermoFisher FEI Titan 60-300, operated in monochromatic
mode at an accelerating voltage of 300 kV. The presented results
correspond to a multilayered sample of 500 nm Ni/10 nm ALD BN/10 nm
Fe in which the metallic layers were grown by sputtering and the ALD BN
layer deposited at 150°C. The obtained EELS maps are shown in Figure
7.5.

Figure 7.5. Cross-sectional EELS mapping of the chemical elements detected in a 500
nm Ni/10 nm ALD BN/10 nm Fe stack.

EELS mapping proves that B and N atoms are localized in the middle layer
of the sample, further confirming the formation of boron nitride during the
deposition. The thickness of the ALD BN film obtained by TEM (10 nm)
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matches that obtained by XRR (10.36 nm), validating the results obtained
by the latter method. Fe atoms in the sample coincide with oxygen,
showing that the sputtered Fe layer oxidizes upon exposure to air. The Ni
surface is also oxidized. Some oxygen is also found in the BN layer. We
expect the incorporation of oxygen to result from post deposition exposure
to air. The even distribution of oxygen throughout the film indicates that
the incorporated O diffuses through the deposited film, a phenomenon
already reported for the deposition of nitrides by different techniques,
including ALD [143]. The diffused O atoms may hydrolyze remains of
incompletely ammonolyzed BBrs, likely due to the lower deposition
temperatures, resulting in the formation of some boron oxide within the
deposited BN film. C atoms corresponding to the previously mentioned
precursor contamination, as well as from potential atmospheric
contamination, are also found in the sample.
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Figure 7.6. EELS Spectra of the K-edges of B and N from a 500 nm Ni/10 nm ALD BN/
10 nm Fe stack.

The near edge EELS spectra, measured for B and N atoms, are shown in
Figure 7.6. The B K-edge presents two peaks, one sharper corresponding
to an energy loss of 195 eV and one wider around an energy loss of 202 eV.
The N K-edge has a sharp peak at 405 eV and a wider region of high
intensity in energy losses of between 410 and 420 eV. These energy values
coincide with those found in the near edge spectra of h-BN and are
characteristic of the sp? hybridization of B and N, respectively [144].
Considering the shape of the spectra, the features are wider and more
diffuse than those typically obtained from h-BN, pointing to a somewhat
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ill-defined binding energy of the photoemitted electrons and a lower level
of long-range order in the deposited films. We therefore expect the
allotropic form of the grown BN to be amorphous.

To confirm the amorphous nature of the deposited BN, Raman
spectroscopy and grazing incidence X-ray diffraction measurements
(GI-XRD) were performed. The results are shown in Figure 7.7.
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Figure 7.7. Raman spectra (left) and GI-XRD pattern (right) of ALD-grown BN films.

The Raman spectra correspond to BN thin films of different thicknesses
deposited on SiO2 wafers at 250°C. The measured intensity increases with
the number of cycles, proportionally to the thickness of the film. However,
the spectrum of a-BN is identical to that of the SiO2 substrate, suggesting
that no distinct crystalline h-BN modes are present in the film. Similar
results have been previously reported in CVD-grown a-BN thin films [126].
The GI-XRD pattern corresponds to a 23 nm thick BN film deposited on
sapphire at 150°C. The absence of diffraction peaks further confirms the
lack of a crystalline structure.

7.3.3. Density

To complete the characterization, the density of the thin a-BN films,
deposited as a function of the deposition temperature, was obtained from
XRR fitting. The results are shown in Figure 7.8. Each point averages the
density obtained from 3 different films of varying thickness. The density
remains constant at each deposition temperature studied, with values
ranging from 1.73 to 1.78 g/cm3. These values are in good accordance with
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those previously reported for ALD-grown BN by Marlid et al. [133] who
obtained densities of 1.65-1.70 g/cm3 at a deposition temperature of
400°C and of 1.90-1.95 g/cm3 at 750°C.
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Figure 7.8. Fitted density of the deposited BN films as a function of the deposition
temperature.

7.4. Computational modeling of the reactions

To prove that the enhanced reactivity of the proposed nitrogen source is
what enables the deposition at lower temperatures, the reaction pathways
between carbamic acid and NHs in combination with BBrs were modeled.
The calculations of the model systems were performed within ADF engine
of the AMS2023 program suite [145]. The TPSSh meta-hybrid density
functional [146], Grimme D4(EEQ) dispersion correction [147], all-
electron Slater Type Orbitals QZ4P basis set [148] and Zero Order Regular
Approximation (ZORA) for scalar relativistic effects [149] were used in all
calculations. These calculations were carried out by Dr. Maxim R. Ryzhikov
and Dr. Svetlana G. Kozlova at the Nikolaev Institute of Organic Chemistry
in Novosibirsk, Russian Federation.

The Gibbs free energy of the model reactions between H2NCOOH and BBrs3,
and NH3 and BBr3s were calculated at 100°C to identify their transition
states and local minima. The Intrinsic Reaction Coordinate (IRC) [150]
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method was used to link the reagents, transition states, and products of the
model reactions. The evolution of the Gibbs energy differences, and
molecular structures of both reactions are shown in Figure 7.9. The Gibbs
energy difference values plotted are relative to the pre-reaction complexes
H2NCOOH---BBr3 and NHs---BBrs3, respectively.
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Figure 7.9. Evolution of the Gibbs energy differences (AG) of the reactions
H2NCOOH+BBrs;—Br.BNHCOOH+BrH and NH3+BBrs—H2NBBr2+BrH. The corresponding
structures of the initial reagents (R), intermediate complexes, transition states (TS), and
final products (P) are shown above (NH3+BBr3) and below (H2NCOOH+BBr3) the graph.

> o ¢

In the first reaction step, the initial reagents (R), NH3 and BBr3, and
H2NCOOH and BBrs3, are separate and do not interact with each other. In
the next step, the pre-reaction complexes are formed as the reagents come
closer together and start to interact, forming weak B:-:N bonds. The
distance between the B and N atoms bonded is 1.611 A for NHs---BBr3 and
1.673 A for H2NCOOH---BBrs. Next, the pre-reaction complexes pass
through the transition states (TS), transient, unstable molecular
configurations with a higher energy. These states correspond to the peak
of the energy barrier and are the rate-limiting steps of the model reactions.
Once they are passed, the post-reaction complexes, with short, strong B-N
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bonds are formed, with distances of 1.395 A for the H2NBBrz---BrH
complex and 1.422 A for the BrzBNHCOOH---BrH one. Lastly, the reactions
are completed when the post-reaction complexes decompose into the
reaction products (P), which are H2NBBrz and BrH, and Br.BNCOOH and
BrH, respectively. The lower Gibbs energy of the TS of the reaction of BBr3
with carbamic acid confirms that it is energetically more favorable than the
corresponding reaction with ammonia.

To quantitatively study this difference, the transition state theory equation
(Equation 7.1) was used to calculate the reaction rate constants k of the
model reactions at 100°C:
kT _4G
k =——¢ RT (7.1)
h

where kg is the Boltzmann constant, T is the temperature, h is Planck’s
constant, 4G is the Gibbs free energy of activation between the reactants
and the transition state and R is the ideal gas constant.

The obtained rate constants are 0.0895 Hz for the reaction of NH3 with
BBr3 and 14.0566 Hz for the reaction of H2NCOOH with BBrs, proving that
the proposed reaction with ammonium carbamate is 157 faster than the
corresponding reaction with ammonia at 100°C, thereby enabling low
temperature deposition of BN.

7.5. Conclusions

A new process for the low temperature growth of amorphous boron nitride
by ALD using ammonium carbamate as the nitrogen source was developed.

The self-limiting nature of the reactions and constant GPC characteristic of
ALD processes were demonstrated within the studied temperature range
and film growth was achieved at temperatures as low as 100°C. The GPC of
the process is approximately 0.5 A/cycle between 150 and 250°C. A lower
GPC was observed during the first deposition cycles, until the substrate
surface is fully covered with BN. The deposition was performed
successfully on various substrates.
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The composition and structure of the as-deposited material were
characterized by XPS and EELS. Boron and nitrogen atoms were found
bound to each other through sp? hybridization and with the expected 1:1
stoichiometry of BN. Carbon and oxygen atoms are additionally found in
the sample. The carbon atoms are expected to stem from precursor
imperfections and substitute both B and N. Oxygen atoms are more likely
to be due to post-deposition air exposure. The BN grown has an
amorphous structure, as confirmed by Raman spectroscopy and XRD.

Computational modeling showed that the rate limiting step of the reaction
between carbamic acid and boron tribromide is more energetically
favorable and proceeds 157 times faster than the corresponding reaction
between ammonia and boron tribromide. These results support the
hypothesis that carbamic acid, formed as an intermediate species during
the decomposition of ammonium carbamate, is the enabler of the lowering
of the deposition temperature.

With this process, ammonium carbamate is introduced as a promising
nitrogen precursor for the ALD of nitrides. This approach eliminates the
direct handling of hazardous nitrogen precursors, such as ammonia,
making laboratory work safer and more convenient. Simultaneously, the
lower deposition temperatures allow the application of nitride ALD to
thermally sensitive substrates, even toward polymers. This combination
gives new prospects for the deposition of a variety of nitride materials and
expands their potential applications.
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Summary of complementary industrial work

This chapter presents a brief summary of the additional work carried out
as part of the company CTECHnano Coating Technologies S.L. in the
framework of an industrial PhD. The activities described were conducted
in an industrial setting, in parallel with the academic research presented
in this thesis and provide insights into the connection between
fundamental research and its practical implementation. This
complementary work focused on addressing specific industrial needs,
contributing to product development, process optimization and
characterization of materials grown by ALD and VPI for real-world
applications. The work also included communication with clients and
provision of technical services related to the ALD reactors manufactured
by the company.

Certain details of the work described in this chapter cannot be disclosed as
they involve confidential information and protected intellectual property
of the customers.

The following sections outline the main tasks performed during the PhD,
including client services, participation in research and innovation projects,
and other industrial responsibilities.

8.1. Client services

Client services refer to projects carried out upon request from external
companies, in which samples are prepared and delivered according to
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specific requirements defined by the client. These services typically
involve the application of established deposition or infiltration processes,
occasionally adapted to meet particular material specifications. In some
cases, they also include process development for the deposition of a
specific material or additional in-house characterization to ensure that the
final samples meet the intended specifications.

A typical service began with a discussion in which the client either
requested the deposition of a specific material or described the desired
properties, after which we proposed suitable material options to meet
their needs. If the requested deposition process was not already
established or had not been previously carried out in our reactors, a
bibliography and precursor search was conducted, followed by process
testing and optimization. The prepared samples were routinely
characterized by X-ray reflectivity to verify successful deposition of a film
with the desired thickness, and by SEM and EDX to assess film quality and
provide elemental analysis. In some cases, additional characterization was
performed prior to delivery, including various electrical measurements,
X-ray diffraction, atomic force microscopy measurements, Raman, IR, and
UV-Visible spectroscopies, as well as permeability tests. Some of these
services were recurring, consisting of regular preparation and weekly
delivery of samples.

A summary of the client services carried out during my industrial
collaboration with CTECHnano Coating Technologies S.L. is presented in
Table 8.1. Materials which involved process development are underlined,
and services which included additional in-house characterization are
marked with an asterisk (*).
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Materials Substrates Applications
SlOz.wafers Electronic devices
Silver ,
Semiconductors
WER:S Jewelr
Al203 Stone Y
. Cultural heritage
Macroporous silicon :
Photonics
PET Neuroelectronics
Polyimide*
TiO2 Macroporous silicon Photonics
HfO> SiO2 wafers* Electronic devices
Si0 SiO2 wafers Semiconductors
St Macroporous silicon* Photonics
Al203/TiOz bilayer Silver Jewelry
HfO2/Al203 bilayer SiO2 wafers Electronic devices

Hf02/Si02 bilayer

Alumina-doped ZnO (AZO)

Glass

Silver
Wax
PET*

Macroporous silicon*
Macroporous silicon

Macroporous silicon

Optics

Semiconductors
Jewelry

Photonics
Photonics

Photonics

Table 8.1. Summary of the client services performed within the company. Materials which involved process development are underlined

and services which included additional in-house characterization are marked with an asterisk (*).
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8.2. Research and innovation projects

Research and innovation projects at CTECHnano Coating Technologies S.L.
are internally developed investigation initiatives aimed at advancing the
company’s technological capabilities and expanding the potential
commercial applications of ALD and VPI. These projects involve
collaboration between the industrial and academic sectors, focusing on
applying fundamental research to potential real-world applications which
allow the development of new client service lines.

The projects presented here are mainly based on processes which are
already established in the industry, utilizing relatively inexpensive and
readily available precursors, but applied in novel fields. The development
of a research and innovation project consists of an initial literature review
to analyze the state of the art of the target application field and identify the
potential contributions of ALD and VPI to it. Then, the chosen deposition
process was adapted to the requirement of each substrate and optimized.
The prepared samples were characterized according to their intended
application to study the influence of deposition parameters on their
performance.

These projects were the main link between the scientific research on
multifunctional fibers and the industrial work presented in this thesis,
transferring the insights obtained from one research context to the other.
Furthermore, the knowledge obtained about the use of VPI for the
preparation of multifunctional fibers contributed to the opening of a new
service line within the company.

A summary of the research and innovation projects and the specific tasks
carried out for their development is presented in Table 8.2.
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Project

Research

Applications

Functionalization of delignified
wood through VPI

UV-protective ALD coating of
sustainable materials
(In collaboration with the
University of Minho)

ALD coating of seeds

Wood delignification

Infiltration of different metal oxides
(Al203, TiO2, HfO2, SiO2, ZnO)
Mechanical pressing

Transmittance measurements

Coating of cork and rubber with
Al203, TiO2 and ZnO

Cork particles were coated in a
fluidized bed reactor (FBR)

Pieces of rubber of different
colorations were coated in a PLAY
reactor

Simulated sunlight exposure and
damage assessment

Lentil seeds coated with ZnO in a
fluidized bed reactor (FBR)

Study of the effect on germination
under different conditions
(illumination, water quantity and
acidity, ventilation)

Manufacturing of transparent
wood

Reduction of aging and
degradation of cork and rubber
when exposed to sunlight

Protection of the seeds and
stimulated growth through
nutrient and water supply

Table 8.2. Summary of the research and innovation projects developed in the company.
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8.3. Other activities

Optimization and validation of a new ALD reactor prototype with
an adjustable volume chamber. The developed ALD reactor
prototype allows selecting between three operational volumes
through the placement of separators into the chamber as shown in
Figure 8.1. The deposition of Al203 and ZnO at varying process
temperatures was used to validate the performance of the
prototype in each volume configuration, attending to uniformity
and reproducibility. A user manual and standard recipes for the
reactor were prepared.

I
- . [ = . m___||=m

py - — oA |-l o
j N =l - ==

Volume 1 Volume 2 Volume 3

.

Figure 8.1. Schematics of the three possible operational volumes of the ALD
reactor.

Involvement in the design of a new fluidized bed reactor (FBR). The
company had an initial FBR prototype which was modified in order
to enhance its performance. This work included vacuum and
evacuation tests to analyze different chamber configurations,
verifying the fluidization of different particles and the addition of
inlet lines.

213 j{1200

[”  Chamber Wl Temp (%) Iniet Temp (%)
Chamber Pressare 219 1200 ——

Figure 8.2. Picture and control schematics of the designed FBR.
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Testing of a new plasma reactor for Plasma-Enhanced Atomic Layer
Deposition (PEALD). To incorporate a plasma source into the
existing PLAY ALD reactor, an alternative lid with 4 electronic
cyclotron resonance (ECR) microwave coaxial heads was used. A
metal ring was added to the set-up to increase the height of the
chamber and facilitate the uniform production of plasma. The
generation of plasma of different gases was tested and preliminarily
applied to ALD processes.

Figure 8.3. Pictures and measurement schematics of the plasma head
accessory.

Installation and testing of an ozone generator. Different values of
the oxygen flow and ozone concentrations were tested in ALD
processes.

Installation and maintenance of ALD reactors. Including leak
checking, vacuum system conservation, replacement and/or
reconditioning of deteriorated components, and troubleshooting of
deposition irregularities.

Technical support for clients
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